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1. Introduction
Plants are frequently under stress from biotic and abiotic sources. Due to their sessile nature,
most plants are not able to evade these stresses but rely on preformed and inducible defense
mechanisms. Pathogens unable to overcome these pre- and post-invasive barriers are called
“nonhost pathogens”, resulting in the so-called state of “nonhost resistance” (NHR) for the
plant against all genetic variants of the given pathogen [Thordal-Christensen, 2003; Lipka
et al., 2010].
Plant basal defense
A first line of defense is offered by the physical barriers from cuticular waxes, which are
not found in algae, and thick cell walls in conjunction with antimicrobial phytoanticipins
[Nürnberger and Lipka, 2005]. If these barriers are overcome by pathogens, plants rely on
inducible post-invasive defense mechanisms.
One of these mechanisms is based on the recognition of conserved microbial- or pathogen-
associated molecular patterns (MAMPs or PAMPs) [Dangl and Jones, 2001; Boller and Felix,
2009]. These patterns function as general elicitors, being characteristic and mostly indispens-
able for a specific group of pathogens [Medzhitov and Janeway, 1997; Nürnberger et al., 2004].
Examples for bacterial elicitors are flagellin [Schuster and Khan, 1994; Felix et al., 1999], the
elongation factor EF-Tu [Zipfel et al., 2006], and lipopolysaccharides (LPS) [Zeidler et al.,
2004], whereas β-glucan is typical for oomycetes [Sharp et al., 1984; Klarzynski et al., 2000],
and chitin as well as ergosterol are common fungal elicitors [Felix et al., 1993; Kauss and
Jeblick, 1996; Eckardt, 2008].
MAMPs and PAMPs are recognized via transmembrane pattern-recognition receptors (PRRs)
and signal transduction via mitogen-activated protein kinase (MAPK) cascades activates the
plants PAMP-triggered immunity (PTI) system [Segonzac and Zipfel, 2011]. Typical plant
defense responses upon PAMP recognition are changes in ion fluxes over the plasma mem-
brane [Wendehenne et al., 2002], the production of reactive oxygen species (ROS) [Apel and
Hirt, 2004; Chinchilla et al., 2007], phytoalexins and ethylene [Stepanova and Alonso, 2009],
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changes in protein phosphorylation [Peck et al., 2001; de la Fuente van Bentem and Hirt, 2007],
transcription of pathogenesis-related (PR) genes [Zipfel et al., 2004], and cell wall fortification
by callose deposition [Gómez-Gómez et al., 1999].
Some pathogens are able to overcome PTI defense by secretion of specific effector molecules
which manipulate host defense components, leading to effector-triggered susceptibility (ETS)
[Hauck et al., 2003; Bent and Mackey, 2007]. These effectors, which have been called Avr
proteins before, are in turn recognized either directly by the plant via specific resistance (R)
proteins or by monitoring changes in the plant’s PTI system (so called guard hypothesis)
[van der Biezen and Jones, 1998; Chisholm et al., 2006]. This in turn can lead to effector-
triggered immunity (ETI).
Effector proteins are usually recognized by intracellular receptor proteins belonging to the
nucleotide binding-leucine-rich repeat (NB-LRR) family [Luck et al., 2000; Caplan et al., 2008].
The activation of ETI leads to programmed cell death, the so-called hypersensitive response
(HR), and often to systemic acquired resistance (SAR) (see below). In order to evade host de-
fence mechanism, pathogens evolve with disguised or altered effector molecules, putting the
selection pressure again on the plants. This coevolution between plants and plant pathogens
is summarized in the so called “zigzag model of plant immunity” by Jones and Dangl [2006].
Recent research demonstrates that the zigzag model might oversimplify the situation in real
life [Boller and Felix, 2009; Thomma et al., 2011]. For example, there are several PAMPs that
induce HR [Wei et al., 1992; Naito et al., 2007]. In addition to PAMPs and effector molecules,
so called “damage-associated molecular patterns” (DAMPs) play an important role in plant-
pathogen interactions [Boller and Felix, 2009]. These molecules are products generated by
pathogen enzyme activity and function as endogenous elicitors. Examples for DAMPs are
plant cell wall fragments [Darvill et al., 1994], cutin monomers [Kauss et al., 1999], and the
peptides systemin in tomato [Pearce, 2011] and AtPep1 in Arabidopsis [Huffaker et al., 2006].
So overall, instead of the concept of two distinct forms of innate immunity, plants rely on the
perception of danger signals generated from MAMPs, effectors and endogenous DAMPs and
activate a stereotypical response that is fine-tuned in response to different pathogens [Boller
and Felix, 2009].
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Induced resistance
SAR was originally associated with response to a local necrotizing pathogen [Durrant and
Dong, 2004], but induced resistance (IR) has also been reported for compatible fungal and
bacterial infections [Truman et al., 2010]. Additionally, Mishina and Zeier [2007] did reveal
systemic response to localized MAMP-triggered immunity without a hypersensitive response
or necrotic disease symptoms. Regardless of the activation mechanism, SAR results in a long-
lasting, broad spectrum resistance in distal, uninoculated parts of the plant [Durrant and
Dong, 2004; Conrath, 2006]. In addition to the aforementioned pathogens, IR can be induced
by β-aminobutyric acid (BABA-IR) [Zimmerli et al., 2000; Jakab et al., 2001; Ton et al., 2005].
Furthermore, IR can be mediated by beneficial plant-microbe interactions, leading to induced
systemic resistance (ISR) [van Loon et al., 1998; Wees et al., 2008; Shoresh et al., 2010]. All
IR variants provide enhanced resistance against biotic [Ryals et al., 1996; Durrant and Dong,
2004; Carr et al., 2010] and abiotic stress stimuli [Janda et al., 1999; Senaratna et al., 2000; Fujita
et al., 2006; Yuan and Lin, 2008].
Typical responses associated with IR are the induction of pathogenesis-related (PR) genes
[Ward et al., 1991; Edreva, 2005; van Loon et al., 2006] and the phenomenon of priming [Group
et al., 2006] (see below).
Key regulatory hormones in IR are ethylene and jasmonic acid for ISR [Pieterse et al., 1998],
and jasmonic acid (JA), salicylic acid (SA), and abscisic acid (ABA) for BABA-IR [Ton et al.,
2005; Flors et al., 2008]. SAR is described as being mainly dependent on SA [Delaney et al.,
1994; Lawton et al., 1994] although JA [Truman et al., 2007] and auxin [Truman et al., 2010]
seem to be important as well.
The exact nature of the long distance signal in SAR is still unknown [Vlot et al., 2008],
although several potential molecules have been described over the years. Among them are
reactive oxygen species (ROS) [Alvarez et al., 1998], lipid-derived molecules [Maldonado et al.,
2002], small peptides [Xia et al., 2004], jasmonic acid [Truman et al., 2007], methyl salicylate
(MeSA) [Park et al., 2007], terpenoids [Shah, 2009], azelaic acid [Jung et al., 2009], and most
recently glycerol-3-phosphate [Chanda et al., 2011].
Although grafting experiments revealed that SA seems not to be the long distance sig-
nal, it is important for triggering SAR [Vernooij et al., 1994; Heil and Ton, 2008]. For ex-
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ample, overproduction of SA in transgenic Nicotiana tabacum and A. thaliana leads to the
accumulation of PR proteins and enhances the resistance to various pathogens [Verberne
et al., 2000; Mauch et al., 2001]. These effects can also be mimicked by the exogenous ap-
plication of SA or its analogs 2,6-dichloroisonicotinic acid (INA) [Ward et al., 1991; Kessmann
et al., 1994], N-cyanomethyl-2-chloroisonicotinamide (NCI) [Nakashita et al., 2002] and benzo-
(1,2,3)-thiadiazole-7-carbothioic S-methyl ester (BTH) [Friedrich et al., 1996; Görlach et al.,
1996; Beckers and Conrath, 2007].
Plants carrying a bacterial SA hydroxylase (nahG from Pseudomonas putida) can not accu-
mulate high levels of SA and PR gene transcripts, and are unable to establish SAR [Gaffney
et al., 1993; Delaney et al., 1994; Lawton et al., 1995], underlining the importance of SA in
SAR signaling. There are two possible ways for the synthesis of endogenous SA in Arabidop-
sis. Either via phenylalanine with the enzyme phenylalanine ammonium lyase (PAL), or from
chorismate via the enzyme isochorismate synthase (ICS) [Chen et al., 2009]. Arabidopsis sid2
mutants (SALICYLIC-ACID-INDUCTION DEFICIENT2) are deficient in the chorismate path-
way, thus exhibiting reduced SA accumulation and PR gene expression after pathogen attack,
resulting in increased susceptibility against bacterial pathogens [Wildermuth et al., 2001]. The
ICS pathway seem to be the major factor of SAR induction in Arabidopsis although SA via
PAL is also synthesized upon pathogen treatment [Mauch-Mani and Slusarenko, 1996]. In
contrast to this, SAR in tobacco seems to depend largely on SA from the PAL pathway [Elkind
et al., 1990; Yalpani et al., 1993; Pallas et al., 1996], although Catinot et al. [2008] showed an
involvement of the ICS pathway in SA production upon biotic and abiotic stress as well.
Priming for enhanced defense response
A phenomenon strongly linked to induced resistance is the potentiation of defense responses
in primarily uninoculated tissue upon secondary (challenge) biotic and abiotic stress stimuli.
These so-called “primed” tissues can mount defense responses more rapidly and stronger
compared to nonprimed tissue [Conrath, 2006; Group et al., 2006].
Examples for primed defense responses are the potentiated expression of defense-related
genes (PAL, PR-genes) [Thulke and Conrath, 1998; Cameron et al., 1999; van Loon and van
Strien, 1999], the enhanced formation of papillae [Zimmerli et al., 2000], increased production
of phytoalexins [Katz et al., 1998], and alterations in ion transport [Katz et al., 2002].
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In addition to pathogen attack and plant-beneficial microbes [Pozo et al., 2002; van der Ent
et al., 2009], plants can be primed with various chemicals [Beckers and Conrath, 2007]. The
most prominent ones are SA and its analog BTH [Katz et al., 1998, 2002], BABA [Zimmerli
et al., 2000; Jakab et al., 2005; Ton et al., 2005], strobilurin fungicides [Herms et al., 2002], and
thiamine [Ahn et al., 2007].
Mutant screens of SA-insensitive plants revealed the importance of the nonexpressor of PR
genes 1 gene (NPR1) (also called non-inducible immunity 1 (NIM1) or salicylic acid-insensitive
1 (SAI1)) [Cao et al., 1994; Delaney et al., 1995; Shah et al., 1997]. Mutations in npr1 do not
only block PR gene expression through SA, but block priming responses as well [Kohler et al.,
2002; Dong, 2004]. A current model for the complex NPR1 function is depicted by Mukhtar
et al. [2009] and Spoel et al. [2009].
In addition to the positive regulatory role of NPR1, several mutations in Arabidopsis were
found, that led to constitutive SAR and priming response. Among them are cpr1, cpr5 [Clarke
et al., 2001; Kohler et al., 2002], and edr1 [Frye and Innes, 1998]. Whereas the molecular
function of the CPR protein is unknown, EDR1 encodes a mitogen-activated protein kinase
kinase kinase (MAP3K) [Frye et al., 2001].
The molecular mechanisms promoting the priming phenomenon are still largely unknown,
but two recent publications gave new insights. Jaskiewicz et al. [2011] showed that priming
of A. thaliana with BTH results in specific histone modifications that correlate with a tran-
scriptionally poised state of the WRKY6, WRKY29, and WRKY53 transcription factors. On
the other hand, Beckers et al. [2009] revealed the importance of the MAP kinases MPK3 and
MPK6 for the development of IR and priming in A. thaliana (see below).
Mitogen-activated protein kinase cascades
Mitogen-activated protein kinases (MAPKs) play an important role in the transduction of
developmental and environmental signals. In general, the kinases form three step modules.
Various signals from outside the cells are recognized by receptors in the plasma membrane
and transmitted via phosphorylation to MAP kinase kinase kinases (MAP3Ks or MEKKs)
[GroupMAPK, 2002]. The next tier is made up by MAP kinase kinases (MKKs or MEKs)
which are phosphorylated at a conserved S/T-X3-5-S/T motif by the MAP3Ks [Zheng and
Guan, 1994]. Sequentially, MKKs phosphorylate MAP kinases (MAPKs) at threonine and
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tyrosine residues in a conserved T-X-Y motif (X is either E or D) [Canagarajah et al., 1997;
Chang and Karin, 2001]. Targets of MAPKs are transcription factors, enzymes or other kinases
in the cytoplasm or the nucleus [Rodriguez et al., 2010].
The organization of MAPK cascades in modules is not exclusive to plants but can be found
in mammals, Drosophila and yeast as well [Perrimon, 1994; Widmann et al., 1999; Chen and
Thorner, 2007]. Genomic analysis of A. thaliana revealed 60-80 MAP3K, 10 MKK, and 20
MAPK genes [Colcombet and Hirt, 2008; Andreasson and Ellis, 2010]. Homologs of these
genes have been found throughout the plant kingdom [Hamel et al., 2006], with the consensus
sequences being highly conserved among different plant species. A graphical representation
of these conserved motifs can be found in figure 1 in Rodriguez et al. [2010].
The MAP3Ks form the most diverse MAP kinase family in plants. They can be divided
into two major groups, RAF-like kinases that are similar to mammalian RAF1, and MEKK-
like kinases that are similar to mammalian MEKK1, and to STE11 and BCK1 from yeast
[GroupMAPK, 2002].
Two well known A. thaliana kinases of the RAF-like family are CONSTITUTIVE TRIPLE
RESPONSE 1 (CTR1) and ENHANCED DISEASE RESISTANCE 1 (EDR1) which both play a
role in defense responses [Kieber et al., 1993; Frye and Innes, 1998]. Additionally, EDR1 is
involved in the cross-talk between SA and ethylene signaling [Tang et al., 2005]. The down-
stream targets of CTR1 and EDR1 seem not to include other members of the MAPK cascade
[Huang et al., 2003; Tang et al., 2005]. In contrast, a prominent member of the MEKK-like
family, MEKK1 of A. thaliana is known to activate downstream MAP kinases (see below).
The ten MKKs of A. thaliana are divided into four groups (A-D) due to sequence alignments
[GroupMAPK, 2002]. MKK1 and MKK2 of group A play a role in cold and salt tolerance,
and in innate immunity [Teige et al., 2004; Mészáros et al., 2006; Brader et al., 2007; Qiu et al.,
2008b], whereas MKK6 is required for cytokinesis in A. thaliana [Takahashi et al., 2010].
MKK3 is the only known member of group B and participates in the transduction of
pathogen and drought/salt stress signals [Dóczi et al., 2007; Takahashi et al., 2007]. Because
of its nuclear transport factor (NTF) domain, MKK3 might be involved in cytoplasmic-nuclear
trafficking [Yoneda, 1997; Zhao et al., 2006].
MKK4 and MKK5 are the members of group C from A. thaliana. Both MKKs are involved in
innate immunity [Asai et al., 2002; Pedley and Martin, 2004], as well as regulation of stomatal
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development [Lampard et al., 2009], and perception of abiotic stress [Hua et al., 2006].
MKK7, 8, 9 and 10 represent MKKs of group D. MKK7 is involved in developmental pro-
cesses [Dai et al., 2006; Lampard et al., 2009], and in the regulation of SAR [Zhang et al.,
2007b]. MKK9 is important for ethylene signaling [Yoo et al., 2008], regulation of leaf senes-
cence [Zhou et al., 2009], and for salt tolerance [Xu et al., 2008]. The biological function of
Arabidopsis MKK8 and 10 remains unknown, although MKK10-2 from Oryza sativa seems to
be activated by cold stress [Kumar et al., 2008].
MPKs are divided into four groups (A-D) as well. MPKs of group A-C carry the TEY motif
in the activation loop, in contrast to group D MAPKs with a TDY motif [GroupMAPK, 2002].
Both activation loop motifs are similar to animal extracellular signal-regulated kinases (ERKs)
[Widmann et al., 1999; Prowse and Lew, 2001].
Group A of A. thaliana MPKs contains MPK3, MPK6 and MPK10. MPK3 and MPK6 are the
most extensively studied MPKs and participate in the transduction of a wide variety of signals.
Both, MPK3 and MPK6, play a prominent role in pathogen defense [Han et al., 2010], ROS
production [Lee and Ellis, 2007], developmental control [Wang et al., 2007; Brock et al., 2010],
abiotic stress signaling [Xu et al., 2008; Yu et al., 2010] and priming (see below). Although
MPK3 and 6 share high sequence similarity, both have redundant as well as specific functions
[Beckers et al., 2009; Rodriguez et al., 2010]. The role of MPK10 remains to be elucidated.
A. thaliana Group B MPKs are MPK4, 5, 11, 12, and 13, with MPK4 being the best charac-
terized MPK in this group. This kinase plays an important role in innate immunity [Desikan
et al., 2001; Gao et al., 2008], SAR [Petersen et al., 2000], regulation of cell death [Ichimura
et al., 2006], and is involved in abiotic stress signaling [Ichimura et al., 2000; Droillard et al.,
2004]. Two recent publications elucidated the role of MPK4 in microtubule organization [Beck
et al., 2010] and for the regulation of cytokinesis [Kosetsu et al., 2010]. No function of MPK5
has been published yet. Recent results by Kosetsu et al. [2010] propose a role for MPK11 in
the regulation of cytokinesis. According to Jammes et al. [2009], MPK12 takes part in abscisic
acid (ABA) signaling and Lee et al. [2009] elucidated its role in auxin signaling. MPK13 shows
several splice variants [Lin et al., 2010] and does interact with MKK6 [Melikant et al., 2004].
Apart from this, the biological function of MPK13 is still unclear.
MPK1, 2 , 7 and 14 are the members of MPK group C from A. thaliana. Ortiz-Masia et al.
[2007] showed the activation of MPK1 and 2 by JA, abscisic acid and hydrogen peroxide.
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Additionally, an interaction of MPK1 and 2 with MKK3 was reported [Dóczi et al., 2007]. The
role of AtMPK7 and 14 is still unclear, although Shi et al. [2010] revealed an involvement of
Gossypium hirsutum (cotton) GhMPK7, the closest orthologue to AtMPK7, in pathogen defense.
All MPK members of group D, MPK8, 9, and MPK15-20, have the TDY amino acid motif
in the activation loop and are usually bigger than members of the other groups because of
an extended C-terminal region [GroupMAPK, 2002]. Additionally, group D kinases lack the
common docking (CD) domain which is important for interaction with other proteins [Tanoue
and Nishida, 2003]. A recent report by Takahashi et al. [2011] shows an important role of
MPK8 in the regulation of ROS homeostasis. MPK9, together with MPK12, are involved in the
ROS signaling pathway in guard cells, as reported by Jammes et al. [2009]. MPK18 was found
to affect microtubule stability [Walia et al., 2009]. Information on the biological function of
MPK15–17, MPK19 and MPK20 is not available by now.
How can specificity and fidelity in respect to signal transduction be achieved with this large
variety of kinases? Three possible mechanisms are scaffolding, feedback control and cross
inhibition [Kolch, 2005; McClean et al., 2007; Bashor et al., 2008; Zou et al., 2008]. Scaffolding
can either be performed by additional proteins, or by members of the MAPKs themselves. An
example is A. thaliana MEKK1, which can bind MKK2 and MPK4 [Suarez-Rodriguez et al.,
2007]. Subcellular localization can also confer to MAPK specificity [Yoo et al., 2008]. Another
way to modulate MAPK specificity is via protein phosphatases by regulating the intensity and
duration of MAPK signaling [Sun et al., 1993; Luan, 2003; Bartels et al., 2009].
Usually, MAPKs are organized in modules [Mody et al., 2009; Rodriguez et al., 2010]. Two
modules, which are important for flagellin signaling, are well understood. The first mod-
ule consists of the flagellin sensing receptor (FLS2) and BRI1-ASSOCIATED KINASE (BAK1)
which are activated upon recognition of flg22 [Chinchilla et al., 2007], a highly conserved
22 amino acid-long peptide from bacterial flagellin. Active FLS2/BAK1 starts phosphoryla-
tion of a cascade with the kinases MEKK1, MKK1/MKK2 and MPK4 [Ichimura et al., 1998].
MPK4 exists in nuclear complexes with the WRKY33 transcription factor and MAP kinase 4
substrate 1 (MKS1) [Andreasson et al., 2005]. MKS1 is phosporylated by MPK4 resulting in
the release of MKS1/WRKY33 complexes from MPK4. WRKY33 then targets the promoter
of PHYTOALEXIN DEFICIENT3 (PAD3) encoding an enzyme required for the synthesis of
antimicrobial camalexin [Qiu et al., 2008a]. The knockout of either MEKK1, both MKK1
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and MKK2 together, and MPK4 results in constitutive expression of PR genes and severely
dwarfed plants possibly due to increased levels of SA [Petersen et al., 2000; Suarez-Rodriguez
et al., 2007; Gao et al., 2008]. This led to the conclusion, that this module is a negative regu-
lator of defense responses [Petersen et al., 2000; Andreasson et al., 2005]. Although MEKK1
and MPK4 function in a linear signaling cascade, Su et al. [2007] proposed a further puta-
tive cascade involving both proteins due to their different reaction towards sodium chloride
treatment.
A second flagellin sensing module exists in parallel. Flg22 sensing via FLS2 leads to an acti-
vation of MKK4/MKK5 and MPK3/MPK6. Downstream targets of MPK3/6 are WRKY22 and
WRKY29 [Asai et al., 2002; Mészáros et al., 2006]. How the crosstalk between the MEKK1/-
MKK1/MKK2/MPK4 module and the MKK4/MKK5/MPK3/MPK6 module is regulated re-
mains unknown. The latter module is involved in PTI, demonstrating the importance of
MAPK cascades in immune responses [Boller and Felix, 2009]. This is further emphasized by
the fact that bacterial pathogens carrying the HopAI1 effector are able to inactivate MPK3 and
MPK6 due to the phosphothreonine lyase activity of the effector. This leads to a suppression
of PAMP-induced genes, H2O2-induction and callose deposition. It is not known, if HopAI1
can inactivate MPK4 as well [Li et al., 2007; Zhang et al., 2007a].
Although most reports demonstrate the importance of MPK3, 4 and 6 in plant defense,
participation of other MAP kinase members was recently reported. One important factor is
MKK7. Overexpression of the MKK7 gene in Arabidopsis leads to the activation of basal and
systemic resistance, emphasizing the importance of MPKs in SAR [Zhang et al., 2007b].
An important role for MPK3 and, to a lesser extend, MPK6 in the priming response was
elucidated by Beckers et al. [2009]. The authors showed that BTH treatment of A. thaliana
plants led to increased deposition of unphosphorylated (inactive) MPK3 and 6 compared to
untreated plants. Upon a challenge stimulus, more of the two MAP kinases were phosphory-
lated in primed than in unprimed plants. The work by Beckers et al. [2009] did reveal, for the
first time, the importance of MAP kinases in the regulation of BTH-induced SAR and priming.
The aim of the present study is to elucidate the role of other members of the MAPK cascades
in response to priming and SAR.
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2. Material and Methods
2.1. Materials
2.1.1. Bacterial strains
Bacterial strains used in this study are listed in Table 2.1.
2.1.2. Plant material
All seeds used in this study (see Table 2.2) were ordered from the European Arabidopsis
Stock Centre (www.arabidopsis.info). T-DNA insertions were either SALK [Alonso et al.,
2003], SAIL [Sessions et al., 2002], GABI-Kat [Rosso et al., 2003], FLAG [Brunaud et al., 2002]
or Ds-tagged [Sundaresan et al., 1995] variants.
2.1.3. Oligonucleotides
All primers (Table A.2) used in this study were synthesized by Invitrogen or Biomers and
ordered either desalted or cartridge purified.
2.1.4. Vectors
The vectors used and created in this study are presented in Table 2.3. A graphical illustration
of the vector maps is found in Figure A.1.
Table 2.1. Bacterial strains used in this study
Strain Genotype/Ti-Plasmid Antibiotic
resistance
Reference
Escherichia coli DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR
nupG Φ80dlacZ∆M15 ∆(lacZYA-argF)U169,
hsdR17(rK- mK+), λ−
none Hanahan
[1983]
Agrobacterium tumefaciens
GV3101
pMP90RK (pTiC58D T-DNA) rif kan gent
Agrobacterium tumefaciens
AGL-1
pTiBo542D T-DNA rif carb
antibiotic resistances: carb = carbenicillin, gent = gentamicin, kan = kanamycin, rif = rifampicin
2. Material and Methods 11
Table 2.2. Arabidopsis ecotypes and mutants used in this study
Ecotypes NASC Stock number
Columbia-0 (Col-0) N70000
Wassilewskija-0 (Ws-0) N1602
Mutants Accession Ecotype Mutation Stock number
mpk1 AT1G10210 Col-0 SALK T-DNA SALK_063847C
mpk2 AT1G59580 Col-0 SALK T-DNA SALK_047422C
mpk3 AT3G45640 Col-0 SALK T-DNA SALK_151594
mpk4 AT4G01370 Ler Ds tagged N5205
mpk5 AT4G11330 Col-0 SALK T-DNA SALK_151066
mpk6 AT2G43790 Col-0 SALK T-DNA SALK_073907
mpk7 AT2G18170 Col-0 SALK T-DNA SALK_035863
mpk8 AT1G18150 Col-0 SALK T-DNA SALK_037501C
mpk8 AT1G18150 Col-0 SALK T-DNA SALK_129553C
mpk9 AT3G18040 Col-0 SALK T-DNA SALK_064439C
mpk10 AT3G59790 Col-0 SALK T-DNA SALK_039102
mpk11 AT1G01560 Col-0 SALK T-DNA SALK_049352C
mpk11 AT1G01560 Col-0 GABI-Kat T-DNA GK-380D04
mpk12 AT2G46070 Col-0 SALK T-DNA SALK_074849
mpk13 AT1G07880 Col-0 SALK T-DNA SALK_130193
mpk14 AT4G36450 Col-0 SALK T-DNA SALK_018940
mpk15 AT1G73670 Col-0 SALK T-DNA SALK_061141
mpk15 AT1G73670 Col-0 SALK T-DNA SALK_103382
mpk15 AT1G73670 Col-0 GABI-Kat T-DNA GK-274G12
mpk16 AT5G19010 Col-0 SALK T-DNA SALK_059737C
mpk17 AT2G01450 Col-0 SALK T-DNA SALK_020801
mpk17 AT2G01450 Col-0 SALK T-DNA SALK_040437
mpk17 AT2G01450 Col-0 SALK T-DNA SALK_040905
mpk18 AT1G53510 Col-0 SALK T-DNA SALK_069399C
mpk19 AT3G14720 Col-0 SALK T-DNA SALK_099462
mpk20 AT2G42880 Col-0 SALK T-DNA SALK_002269
mkk1 AT4G26070 Col-0 SALK T-DNA SALK_140054C
mkk1 AT4G26070 Col-0 SALK T-DNA SALK_015914
mkk2 AT4G29810 Col-0 FLAG T-DNA FLAG_629G03
mkk3 AT5G40440 Col-0 SALK T-DNA SALK_051970
mkk4 AT1G51660 Col-0 SALK T-DNA SALK_058307
mkk4 AT1G51660 Col-0 SALK T-DNA SALK_069224
mkk4 AT1G51660 Col-0 SALK T-DNA SALK_0142042C
mkk5 AT3G21220 Col-0 SALK T-DNA SALK_047797C
mkk5 AT3G21220 Col-0 SALK T-DNA SALK_050700
mkk6 AT5G56580 Col-0 SALK T-DNA SALK_117230
mkk6 AT5G56580 Col-0 SALK T-DNA SALK_084332C
mkk7 AT1G18350 Col-0 SALK T-DNA SALK_152428C
mkk7 AT1G18350 Col-0 SALK T-DNA SALK_009430C
mkk8 AT3G06230 Col-0 SALK T-DNA SALK_058723
mkk9 AT1G73500 Col-0 SALK T-DNA SALK_017378C
mkk10 AT1G32320 Col-0 SAIL T-DNA SAIL_598_B05
mkk10 AT1G32320 Col-0 SAIL T-DNA SAIL_600_G01
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Table 2.3. Vectors used and created in this study
Name Description Reference Resistance
pDONR207 entry vector Invitrogen gent
pAMPAT-GWPro35S overexpression vector, 35S
promoter
MPIZ Cologne amp, bar
pJawohl8-RNAi silencing vector MPIZ Cologne amp, bar
pMDC43 N-terminal GFP, 35S
promoter
Curtis and Grossniklaus [2003] hyg, kan
pMDC85 C-terminal GFP, 35S
promoter
Curtis and Grossniklaus [2003] hyg, kan
pMDC110 C-terminal GFP reporter Curtis and Grossniklaus [2003] hyg, kan
pMDC164 C-terminal GUS reporter Curtis and Grossniklaus [2003] hyg, kan
Entry Vector Construct Backbone Resistance
pDONR207-MPK11pr-stop MPK11 promoter -stop pDONR207 gent
pDONR207-MPK11pr-stop+2 MPK11 promoter -stop+2 pDONR207 gent
pDONR207-MPK11fl+stop MPK11 full length+stop pDONR207 gent
pDONR207-MPK11fl-stop MPK11 full length-stop pDONR207 gent
pDONR207-MPK11fl-stop+2 MPK11 full length-stop+2 pDONR207 gent
pDONR207-MPK17pr-stop MPK17 promoter -stop pDONR207 gent
pDONR207-MPK17pr-stop+2 MPK17 promoter -stop+2 pDONR207 gent
pDONR207-MPK17fl+stop MPK17 full length+stop pDONR207 gent
pDONR207-MPK17fl-stop MPK17 full length-stop pDONR207 gent
pDONR207-MPK17fl-stop+2 MPK17 full length-stop+2 pDONR207 gent
Expression Vector Construct Backbone Resistance
pMDC110-MPK11pr-stop MPK11 promoter -stop pmDC110 hyg, kan
pMDC110-MPK11pr-stop+2 MPK11 promoter -stop+2 pmDC110 hyg, kan
pMDC164-MPK11pr-stop MPK11 promoter -stop pmDC164 hyg, kan
pMDC164-MPK11pr-stop+2 MPK11 promoter -stop+2 pmDC164 hyg, kan
pMDC43-MPK11fl+stop MPK11 full length +stop pMDC43 hyg, kan
pMDC85-MPK11fl-stop MPK11 full length -stop pMDC85 hyg, kan
pMDC85-MPK11fl-stop+2 MPK11 full length -stop+2 pMDC85 hyg, kan
pAMPAT-MPK11fl MPK11 full length +stop pAMPAT-GWPro35S amp, bar
pJawohl8-MPK11fl MPK11 full length +stop pJawohl8 amp, bar
pMDC110-MPK17pr-stop MPK17 promoter -stop pmDC110 hyg, kan
pMDC110-MPK17pr-stop+2 MPK17 promoter -stop+2 pmDC110 hyg, kan
pMDC164-MPK17pr-stop MPK17 promoter -stop pmDC164 hyg, kan
pMDC164-MPK17pr-stop+2 MPK17 promoter -stop+2 pmDC164 hyg, kan
pMDC43-MPK17fl+stop MPK17 full length +stop pMDC43 hyg, kan
pMDC85-MPK17fl-stop MPK17 full length -stop pMDC85 hyg, kan
pMDC85-MPK17fl-stop+2 MPK17 full length -stop+2 pMDC85 hyg, kan
pAMPAT-MPK17fl MPK17 full length +stop pAMPAT-GWPro35S amp, bar
pJawohl8-MPK17fl MPK17 full length +stop pJawohl8 amp, bar
construct: -stop = sequence without stop codon, -stop+2 = sequence without stop codon but with 2 additional
bases for cloning in frame, +stop = sequence with stop codon
antibiotic resistances: amp = ampicillin, carb = carbenicillin, gent = gentamicin, hyg = hygromycin B, kan =
kanamycin, rif = rifampicin, herbicide resistance: bar = BASTA®
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Table 2.4. Antibodies used in this study
Name Type Final Con-
centration
Buffer Manufac-
turer
Reference
α-pTEpY primary
antibody
1:2000 5 % (w/v) BSA in
TBST
Milli-
pore
Payne et al.
[1991]
α-rabbit IgG
HRP-linked
secondary
antibody
1:5000 5 % (w/v) milk
powder in TBST
Cell
Signaling
Table 2.5. Full nutrition medium
Stock Solutions Final Concentration
1 M KNO3 2 mM KNO3
1 M NH4NO3 1 mM NH4NO3
0.5 M KH2PO4 / K2HPO4 pH 5.7 with KOH 3 mM KH2PO4 / K2HPO4 pH 5.7
1 M CaCl2 4 mM CaCl2
1 M MgSO4 1 mM MgSO4
0.5 M K2SO4 2 mM K2SO4
3 mM MES
2500 x Oligoelements (section 2.1.7) 1 x
0.2 M Glutamine (filter sterile) 1 mM Glutamine (added after autoclaving)
2.1.5. Antibodies
The antibodies used in this study are presented in Table 2.4.
2.1.6. Chemicals
All chemicals and reagents used in this study were of laboratory grade and were purchased
from Applichem, Carl Roth GmbH, Merck, Serva and Sigma Aldrich unless indicated
otherwise.
2.1.7. Buffers and solutions
Nuclease free, deionized water with a conductivity of 18 MΩ cm from an arium® pro VF
machine (sartorius stedim biotech) was used for all buffers and solutions.
Trizol reagent
0.8 M ammonium thiocyanate; 0.4 M guanidiunium thiocyanate; 0.1 M sodium acetate, pH 5.0
with acetic acid; 5 % (v/v) glycerol; 47.5 % (v/v) water-saturated phenol
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Oligoelements, 2500x, for Arabidopsis Liquid Culture
150 mM H3BO3, 35 mM MnSO4, 2.5 mM ZnSO4, 1.5 mM CuSO4, 1.0 mM NiSO4, 0.75 mM
MoO3, 50 µM CoCl2, 0.55 mM Fe(III)-EDTA (iron Ethylenediaminetetraacetic acid)
TAE (TRIS/Acetate/EDTA) buffer
50 x concentrated stock solution: 2 M TRIS, 5.71 % (v/v) glacial acetic acid, 50 mM Na2EDTA,
in H2O. For use diluted to 1 x TAE-solution with water.
10 x TE buffer
100 mM TRIS, 10 mM EDTA, pH 8.0 with HCl, in water
Bacterial culture media
LB (modified Luria-Bertani lysogeny broth): 10 g/L tryptone or peptone, 5 g/L yeast extract,
5 g/L NaCl, pH 7.0, in water [Bertani, 1951]
YEP (yeast extract peptone) medium: 10 g/L yeast extract, 10 g/L peptone, 5 g/L NaCl, pH
7.0, in water
For the production of plates, 12 g/L agar were added.
PCR-supermix
Concentrations in 1.1 x mix prior to the addition of 2 µL template DNA: 22 mM TRIS-HCl
(pH 8,4), 1.65 mM MgCl2, 55 mM KCl, 220 µM of each dATP, dGTP, dTTP and dCTP, 20 µL/mL
Taq-polymerase (self-made), 1/10 vol 10 x loading dye solution, in H2O
10 x loading dye solution
2 g/l Xylene Cyanol (migrates at 4200 bp) and 2 g/l Orange G (migrates below 50 bp) in 60 %
(w/v) sucrose, pH 7.8 with NaOH.
2.1.8. Software
Clone Manager Professional Suite 8 (Scientific and Educational Software), Serial Cloner (http:
//serialbasics.free.fr/Serial_Cloner.html), Chromas Lite (Technelysium Pty Ltd), Excel (Mi-
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crosoft), Adobe Photoshop CS5 Extended (Adobe), Motic Images Plus 2.0 (Moticr), Sigma-
Plot 11 (Systat Software Inc.), MiKTeX (http://miktex.org/), BioEdit [Hall, 1999], DISKUS
microscopic image acquisition (Carl H. Hilgers), DeVision G Vers. 2.0 (Decon Science Tec),
ImageJ (http://rsbweb.nih.gov/ij/index.html), Leica LCS, ABI 7300 System Sequence Detec-
tion Software V1.4 (Applied Biosystems)
2.1.9. Online resources
The Arabidopsis Information Resource (http://www.arabidopsis.org/) [Rhee et al., 2003],
Arabidopsis expression network analysis (Athena) (http://www.bioinformatics2.wsu.edu/
cgi-bin/Athena/cgi/home.pl) [O’Connor et al., 2005], NASC European Arabidopsis Stock
Center (http://arabidopsis.info/), ExPASy Proteomics Server (http://expasy.org/), T-DNA
knockout primer design (http://signal.salk.edu/tdnaprimers.2.html), PLAZA database (http:
//bioinformatics.psb.ugent.be/plaza) [Proost et al., 2009], Genevestigator gene expression
database (https://www.genevestigator.com/) [Hruz et al., 2008], siRNA off-target scan (http:
//bioinfo2.noble.org/RNAiScan.htm), AmiGO database (http://amigo.geneontology.org) [Car-
bon et al., 2009]
2.2. Methods
2.2.1. Plant growth and cultivation
2.2.1.1. Arabidopsis thaliana
Arabidopsis thaliana seeds were evenly spread on moist soil (type VM, Einheitserde Werkver-
band), covered with a transparent hood and stratified at 4 ◦C for two days. Germination was
induced by transferring the pots into a plant growth chamber with short day conditions (8 h
photoperiod, light intensity 120 µmol m-2 s-1, 65 % humidity, 22 ◦C temperature). The plas-
tic hood was removed after seed germination and single plants were transplanted into fresh
moist soil. The plants were watered and treated with a nematode solution to exclude thrip
infestation once a week (Sauter and Stepper).
Seed production was induced on plants in growth chambers with long-day conditions (16 h
photoperiod, light intensity 100 µmol m-2 s-1, 75 % humidity, 22 ◦C temperature).
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2.2.1.2. Nicotiana benthamiana
Nicotiana benthamiana seeds were evenly spread on moist soil (type VM, Einheitserde Werk-
verband), covered with a transparent plastic hood and transferred into a growth chamber
with long day conditions (2.2.1). Hoods were removed after plant germination and seedlings
were transplanted to fresh VM-type soil. Plants remained under long-day conditions through-
out the experiment (2.2.1.1).
2.2.2. Seed sterilization
Seeds were surface sterilized by incubation in 70 % (v/v) ethanol for 15 min followed by a
washing step in 100 % ethanol. Seeds were dried on sterile filter paper in a clean bench.
Sterile seeds were either used for liquid culture experiments (2.2.16) or for analysis of flg22-
induced root growth reduction (2.2.3).
2.2.3. Seedling growth inhibition assay
Surface sterilized seeds were placed in line on 0.5 x Murashige and Skoog (MS, Duchefa)
[Murashige and Skoog, 1962] plates containing 0.8 % (w/v) agar, 1 % (w/v) sucrose and 50 nM
flg22 (Genscript). Control plates contained no flg22. Stratification was done at 4 ◦C for 2 days.
Afterwards, the plates were placed vertically under short day conditions (2.2.1). The length of
the roots and the freshweight were measured after 2 weeks and compared to plants grown on
MS plates without flg22.
2.2.4. DNA extraction
2.2.4.1. Fast and easy DNA extraction
The protocol was adapted from Xin et al. [2003]. One young leaf per sample was harvested
into a 96-well PCR plate. 50 µL of buffer A (0.1 M NaOH, 2 % (v/v) Tween 20) were added
to each well and spun down shortly. After incubation (10 min, 95 ◦C), samples were mixed
with 50 µL of buffer B (100 mM TRIS-HCl, 2 mM EDTA, pH 2.0). 2 µL of sample were used as
template for PCR reactions (2.2.7). The quality of the DNA is sufficient for routine genotyping.
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2.2.4.2. DNA extraction after Edwards et al. [1991]
To isolate DNA of higher quality compared to the Fast and Easy method (2.2.4.1), a protocol
by Edwards et al. [1991] was used. One leaf per sample was harvested and ground in liquid
nitrogen. After addition of 300 µL of Edwards-buffer (200 mM TRIS-HCl pH 7.5, 250 mM NaCl,
25 mM EDTA, 0.5 % (v/v) SDS), samples were incubated at 65 ◦C for 10 min and cooled down
on ice for 10 min. 200 µL of ice-cold chloroform were added and the mixture was centrifuged
(20 000 g, 5 min, RT). 200 µL of supernatant were transferred into a new reaction tube, mixed
with 1 vol of ice-cold isopropanol and centrifuged again. The DNA pellet was washed with
1 vol of 70 % (v/v) ethanol, centrifuged again and air dried. The DNA was solubilized in
100 µL water.
2.2.4.3. CTAB-based DNA extraction
To isolate DNA of the highest quality from A. thaliana as well as B. cinerea, a cetyltrimethy-
lammonium bromide-based (CTAB) protocol by Möller et al. [1992] was used. Up to 60 mg
of fugal mycelium or one plant leaf was ground in liquid nitrogen. After addition of 500 µL
TES (100 mM TRIS, pH 8.0; 10 mM EDTA; 2 % (v/v) SDS), 50 µg Proteinase K were added
and the solution incubated for 30 min up to 1 h at 60 ◦C with constant shaking. After prote-
olytic digest, salt concentration was adjusted to 1.4 M with 5 M NaCl, 1/10 vol 10 % (w/v)
CTAB was added and the solution incubated for 10 min at 65 ◦C. After the addition of 1 vol
choroform:isoamylalcohol (24:1) and gentle mixing, the samples were incubated for 30 min
at 0 ◦C and centrifuged (20 000 g, 10 min, 4 ◦C) afterwards. The supernatant (≈450 µL) was
transferred into a fresh tube, 1/2 vol of 5 M NH4Ac was added,gently mixed, and incubated
on ice for at least 30 min. After centrifugation, the supernatant was transferred into a new
tube and 0.55 vol of isopropanol added to precipitate DNA. Following centrifugation, the pel-
let was washed twice with ice-cold 70 % ethanol, air dried, and dissolved in 50 µL of water.
The quality of the isolated DNA was sufficient for southern blot (2.2.15) and qPCR analysis
(2.2.7.5).
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2.2.5. RNA extraction
For extraction of RNA, one leaf per sample was harvested and ground in liquid nitrogen.
1 mL of Trizol (2.1.7) was added and samples mixed for 15 s. After incubation at RT for
10 min, 100 µL of 1-bromo-3-chloro-propane were added, mixed for 10 s and incubated at RT
for 10 min. After centrifugation (20 000 g, 10 min, 4 ◦C), 400 µL of supernatant were transferred
to a fresh tube, mixed with one volume of isopropanol and incubated for 15 min at RT. Fol-
lowing centrifugation, the pellet was washed with 70 % (v/v) ethanol and centrifuged again.
The supernatant was decanted, the pellet air dried and solubilized in 20 µL of nuclease-free
water. Concentration of RNA was determined via absorbance measurement (2.2.9).
2.2.6. cDNA synthesis
For cDNA synthesis, residual genomic DNA in the extracted RNA (2.2.5) was eliminated
via DNAse treatment. For this, 1 µg of nucleic acids was mixed with 1 µL of 10 x DNAse
buffer, 1 µL of DNAse1 (Fermentas) and filled up to 10 µL with nuclease-free water. After
30 min of incubation at 37 ◦C, the DNAse1 was heat-inactivated for 15 min at 70 ◦C. 5 µM
random primer was mixed in each sample, incubated at 70 ◦C for 5 min and chilled quickly on
ice. Afterwards, the cDNA synthesis reaction was set up by adding 1 x MMLV-Buffer, 1 mM
dNTPs, 1 µL of MMuLV reverse transcriptase enzyme and water to 25 µL total volume. The
reaction mixture was incubated at 42 ◦C for 60 min followed by heat inactivation at 70 ◦C for
10 min. The resulting cDNA was diluted 1:10 with nuclease-free water. All reactions were
performed in a PCR-thermocycler (Bio-Rad).
2.2.7. PCR
2.2.7.1. Genotyping PCR
For validating T-DNA insertions, DNA from the fast and easy DNA extraction (2.2.4.1) pro-
tocol was used. 2 µL of template-DNA were mixed with 22.5 µL of PCR supermix (2.1.7) and
0.5 µM (final concentration) of each primer. Two PCR reactions were set up per sample. The
gene-specific reaction used 2 primers positioned on the left (LP) and right hand side (RP) of
the proposed T-DNA insertion. In the second, T-DNA-specific reaction the RP primer was
used together with a primer specific for the left border of the T-DNA (Lba1.3) (see Figure 2.1).
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Figure 2.1. Positions of primers in the SALK T-DNA
A Position of genotyping primers. Right (RP) and left (LP) genotyping primer are positioned adjacent
to the T-DNA insertion. B Primer sequence positions in the SALK T-DNA are given relative to the left
border of the T-DNA (LB). Figure not drawn to scale.
Following PCR (3 min 94 ◦C initial denaturation, 35 cycles of 30 s 94 ◦C denaturation, 30 s
55 ◦C primer annealing 1 min 72 ◦C product extension; 10 min 72 ◦C final extension, 10 min
16 ◦C cool down), the amplification products were separated and visualized on an agarose
gel (2.2.8). Plants harboring a homozygous T-DNA insertion will show only a PCR product
band in the T-DNA specific reaction. The size of the inserted T-DNA (4484 kb) prevents the
amplification of a gene-specific PCR product with the extension time used. A wild-type plant
will show only one PCR-product band in the gene-specific PCR reaction. Heterozygous plants
will show both bands.
2.2.7.2. Colony PCR
For confirmation of positive clones from bacterial transformation events, part of a bacterial
colony was picked with a pipette tip, mixed with 22.5 µL PCR supermix (2.1.7), and 0.5 µM
(final concentration) of each primer. The PCR program used to detect plasmid sequences
was similar to the genotyping PCR program (2.2.7.1). Annealing temperature (calculated with
Clone Manager Suite) and extension time (1 min/kb product length) were adjusted accord-
ingly. PCR products were separated and visualized on an agarose gel (2.2.8).
2.2.7.3. Proofreading PCR
To generate PCR products with a low error rate suitable for cloning, the Kappa HiFi DNA
polymerase kit (Kapa Biosystems) or the Phusion® High-Fidelity DNA Polymerase (Finnzy-
mes) were used according to the manufacturers protocols.
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2.2.7.4. hiTAIL PCR
For the analysis of unknown sequences flanked by T-DNA insertions, the high efficiency
thermal asymmetric interlaced PCR (hiTAIL-PCR) protocol was used [Liu and Chen, 2007].
Arbitrary degenerate primers (AD) in combination with a T-DNA border-specific primer are
used to generate priming sites in unknown regions. This is followed by two nested PCRs
to enhance the amount of specific PCR products. Nested left border specific primers for the
SALK T-DNA lines were created during this study (Figure 2.1).
Per sample, four pre-amplification PCR reactions were set up with one of each AD primer
(LAD1-1–LAD1-4), the Lb0 primer and 20 ng genomic DNA extracted with the CTAB protocol
(2.2.4.3). The resulting PCR products were diluted 1:40 with water and used as template for
the first nested PCR. The adaptor specific AC1 and the nested T-DNA primer Lba1 were used.
PCR products from the previous reaction were diluted 1:10 and primers AC1 and LBb1 were
used in the second nesting PCR. For details of PCR setup and programs, see Liu and Chen
[2007]. Resulting PCR products were separated on a 1 % (w/v) agarose gel (2.2.8). Bands were
purified from the gel (2.2.8.1) and send for custom sequencing (2.2.10) with the LBb1 primer.
2.2.7.5. RT-qPCR
To evaluate gene transcriptions levels, quantitative reverse-transcription real-time PCR was
used (RT-qPCR). 2 µL of 1:10 diluted cDNA (2.2.6) were used per sample. Technical trip-
licates were made per sample. A mastermix consisting of 5 µL SYBR® Green qPCR Mix
(Invitrogen), 2.7 µL H2O, and 0.3 µL of a 10 µM primer mix were pipetted into 96-well
plates (Sarstedt). The mathematical model by Pfaffl [2001] was used to calculate tran-
scription levels relative to a reference gene. ACTIN2 was used as a supposedly constitu-
tively expressed gene. Primer efficiencies were calculated with the qPCR efficiency calcula-
tor (http://www.finnzymes.com/java_applets/qpcr_efficiency.html) from the slope value of
a cDNA-dilution series.
2.2.7.6. PCR product purification
PCR products used for cloning procedures (2.2.21) were purified with the QIAquick® PCR
Purification Kit (Qiagen) according to the manufacturers protocol.
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2.2.8. Separation and visualization of PCR products
PCR products were separated on agarose gels with varying concentration (0.8 % (w/v) to 2.0 %
(w/v)), depending on the expected size of the PCR products. To tag the DNA, 0.2 µg ethidium
bromide (EtBr) was added per mL of agarose prior to gel pouring. Gels were run with constant
voltage (10 V/cm) in 1 x TAE buffer (2.1.7). Fluorescent EtBr-staining was recorded at 366 nm
wavelength with a DEVISION DBOX (Decon DC Science Tec) containing a Wealtec UV
Transilluminator (Wealtec Corp).
2.2.8.1. Gel extraction of PCR products
PCR products were excised from agarose gels with a scalpel and purified with either the
QIAquick® Gel Extraction Kit (Qiagen) or the ZymocleanTM Gel DNA Recovery Kit (Zymo
Research) according to manufacturers protocol.
2.2.9. Quantification of nucleic acids
Nucleic acids were diluted 1:100 in ddH2O and quantified in a Beckman DU7500 (Beckman
Coulter Inc.) diode-array photometer by measuring the absorbance at 260 nm and 280 nm.
An optical density (OD) of 1 corresponds to a concentration of 50 µg/mL (Equation 2.1) of
double-stranded DNA or 40 µg/mL of single-stranded RNA (Equation 2.2).
[DNA µg µL−1] =
A260nm × 50 µg× dilution factor
µL× 1000 (2.1)
[RNA µg µL−1] =
A260nm × 40 µg× dilution factor
µL× 1000 (2.2)
2.2.10. Sequencing of PCR products
Sequencing was done custom of Seqlab - Sequence Laboratories Göttingen GmbH (Germany).
The concentration of the DNA was measured (2.2.9), adjusted to the company’s recommenda-
tion (http://seqlab.de/index.php?id=single-reads1) and mixed with 20 pmol of primer. The
resulting sequence files were analyzed with Chromas software (2.1.8) and alignment to target
sequences was performed either within the Clonemanager suite, BioEdit (2.1.8) or ClustalW
(2.1.9).
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2.2.11. Protein extraction
One leaf per plant was ground in liquid nitrogen and mixed with 150 µL of protein extraction
buffer (50 mM TRIS-HCl, 1 mM EDTA, pH 8.0, 30 µg phenylmethanesulfonylfluoride (PMSF),
0.1 % (v/v) β-mercaptoethanol). After 10 min of incubation on ice, samples were centrifuged
(20.000 g, 30 min, 4 ◦C) and 125 µL of supernatant were transferred to a fresh tube. The cen-
trifugation was repeated and 100 µL of supernatant were transferred again into a fresh tube.
5 µL of protein extract were quantified using a Bradford protein assay (2.2.12). All samples
were adjusted to a volume of 30 µL of an equal concentration by dilution with protein extrac-
tion buffer. 30 µL of 2 x SDS sample buffer (200 mM TRIS-HCl pH 8.8, 20 % (v/v) glycerol, 6 %
(v/v) SDS , 5 mM DTT, 0.4 mg/mL bromphenolblue in water) were added and the mixture
incubated for 5 min at 95 ◦C. After short cooling on ice, the samples were either stored at
−20 ◦C or loaded onto a SDS gel (2.2.13).
2.2.12. Quantification of proteins
The concentration of proteins was determined with an assay based on the Bradford protocol
[Bradford, 1976]. 5 µL of protein extract were mixed well with 995 µL of 1 x Quick Start™
Bradford Protein Assay (Bio-Rad). After 10 min of incubation at room temperature, OD595 was
measured in a DU700 spectrophotometer (Beckman Coulter Inc.). The protein concentration
of the samples was calculated with a standard curve of bovine serum albumin (BSA) protein
diluted in protein extraction buffer (2.2.11).
2.2.13. SDS-PAGE
Separation of protein extracts was performed on discontinuous TRIS-glycine sodium dode-
cyl sulfate polyacrylamide gelelectrophoresis (SDS-PAGE) [Laemmli, 1970] using the Mini-
PROTEAN system (Bio-Rad) system. Resolving gel solution (12.5 % (v/v) acrylamide mix
(29:1 acrylamide : bisacrylamide), 375 mM TRIS pH 8.8, 0.1 % (v/v) SDS, 0.1 % (v/v) APS,
0.04 % (v/v) TEMED, in water) was overlayed with n-butanol. After polymerization, stack-
ing gel solution (5 % (v/v) acrylamide mix (29:1 acrylamide : bisacrylamide), 126 mM TRIS
pH 6.8, 0.1 % (v/v) SDS, 0.1 % (v/v) APS, 0.1 % (v/v) TEMED, in water) and the comb were
added. Samples were loaded on the gel and run in TRIS-glycine buffer (25 mM TRIS, 250 mM
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glycine, 0.1 % SDS, in water) at constant voltage (180 V) until the bromphenol blue dye reached
the lower end of the gel cassette. Gels were either stained with Coomassie blue (2.2.13.1) or
used for western blotting protein transfer (2.2.14).
2.2.13.1. Coomassie blue staining of proteins
Gels were stained overnight with coomassie blue staining solution (40 % (v/v) methanol, 10 %
(v/v) acetic acid, 0.25 % (w/v) Coomassie Brilliant Blue R-250 (Serva), 50 % H2O) with gentle
shaking. Destaining was done with the analogous solution without the Coomassie dye.
2.2.14. Protein transfer and immunodetection of proteins
Protein gels were blotted on Roti-NC nitrocellulose membranes (Carl Roth) in TRIS-glycine
buffer (192 mM glycine, 25 mM TRIS, 20 % (v/v) methanol, in water) [Towbin et al., 1979]
using the Mini Trans-Blot Cell wet-blotting system (Bio-Rad).
For immunodetection, blots were washed three times (10 min, RT, vertical shaking) in TBS-
T (TRIS-buffered saline with Tween) (50 mM TRIS, 150 mM NaCl, 0.1 % (v/v) Tween-20).
Blocking of unspecific binding was done with 5 % (w/v) milk powder (Nutricia Protifar
plus) in TBS-T (1 h, RT, vertical shaking). Following three washing steps, the primary anti-
body (Table 2.4) in TBS-T was added to the membrane and incubated overnight at 4 ◦C. The
antibody-solution was removed, the membrane washed again three times with TBS-T, and the
respective secondary antibody solution (Table 2.4) was added. Following incubation (1 h, RT,
vertical shaking), the antibody solution was removed and the membrane washed three times
with TBS-T and one time with TBS (50 mM TRIS, 150 mM NaCl). For detection of antibody
binding, Immobilon western chemiluminescent HRP substrate (Millipore) was added ac-
cording to manufacturer’s protocol. The luminescence signal generated by the reaction of the
antibody-coupled horseradish peroxidase with the chemiluminescent substrate was recorded
either on Biomax MS X-ray film (Kodak) or with a LAS 1000 imaging system (Fujifilm).
Equal loading of the gel was confirmed by staining the membrane with Ponceau S (2.2.14.1).
2.2.14.1. Ponceau S staining of proteins
Proteins blotted to nitrocellulose membranes (2.2.14) were visualized by gently shaking the
membrane in Ponceau S staining solution (0.1 % (w/v) Ponceau S in 5 % (v/v) acetic acid) for
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up to one hour [Salinovich and Montelaro, 1986]. After destaining with water, protein bands
are visible as red bands. By comparing band intensities between different lanes, an estimation
of uniform loading can be made [Romero-Calvo et al., 2010].
2.2.15. Southern blotting analysis
Southern blotting analysis with DIG-11-dUTP labeled (digoxigenin- 11- 2’- deoxy- uridine- 5’-
triphosphate) (Roche) probes was used to quantify the amount of SALK T-DNA insertions.
2.2.15.1. DIG PCR labeling
Three different probes for SALK T-DNA insertions were created using a PCR based method
(see Figure 2.1). 10 ng of genomic DNA (isolated with the CTAB protocol (2.2.4.3) from mpk11
plants) were used as a template for each reaction. The PCR was performed with the SilverStar
DNA polymerase kit (Eurogentec) according to manufacturers protocol, except for the al-
tered nucleotide mixture (10 µM DIG-11-dUTP, 190 µM dTTP and 200 µM dATP, dGTP, dCTP
each). It is important to chose a polymerase without proofreading function to avoid removal
of dUTP from PCR products.
Successful incorporation of dUTP into the PCR products was confirmed by agarose gel
electrophoresis of 5 µL labeled and unlabeled PCR product with 1 x loading dye on a 1 %
(w/v) agarose gel (2.2.8). Incorporation of dUTP results in a higher molecular weight, leading
to a shift in electrophoretic mobility (see figute ???). Additionally, if unlabeled and labeled
PCR products have approximately equal concentrations, the recommended amount of probe
can be used in the hybridization reaction (2.2.15.3).
2.2.15.2. Digestion of genomic DNA for southern Blotting
Genomic DNA of each line was digested with EcoRI and HindIII restriction enzymes in two
separate reactions. Each restriction reaction contained 5 µg of genomic DNA (from CTAB
extraction, 2.2.4.3), 5 µL of FastDigest® enzyme (Fermentas) and 5 µL of 10 x FastDigest®
buffer in a total volume of 50 µL. The cut DNA was precipitated with 0.1 vol of 3 M sodium
acetate (pH 5.2) and 1 vol isopropanol at −20 ◦C for 30 min. After centrifugation (20.000 g,
15 min, 4 ◦C), the pellet was washed with 70 % (v/v) ethanol and centrifuged again (20.000 g,
5 min, 4 ◦C). The ethanol was removed and DNA resolved in 20 µL H2O.
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Figure 2.2. Southern blot setup
A 500 mL bottle was used as weight. The paper stack was approximately 4 cm high. The agarose gel
was surrounded with plastic wrap to avoid direct contact of the paper stack with the reservoir.
2.2.15.3. Hybridization of DNA probes to a membrane
Per sample, 5 µg of digested genomic DNA (2.2.15.2) were loaded on a 10 cm long , 0.8 %
(w/v) agarose gel without ethidium bromide. The gel was run at 40 V for up to 2 h in 1 x TAE
(2.1.7). The gel was stained with 0.5 µg ethidium bromide per mL of buffer to asses the quality
of the DNA distribution.
The DNA was depurinated by submerging the gel in 250 mM HCl for a maximum of 20 min
on a vertical shaker at RT. Following depurination, the DNA was denatured by submersing the
gel in denaturing solution (0.5 M NaOH, 1.5 M NaCl) for 2 x 15 min at RT with vertical shaking.
After a short rinse with nuclease free water, the gel was submerged in neutralization solution
(0.5 M TRIS-HCl, pH 7.5; 1.5 M NaCl) for 2 x 15 min at RT. Finally, the gel was equilibrated for
10 min at RT in 20 x sodium/sodium citrate buffer (SSC, 1.5 M NaCl, 150 mM sodium citrate,
pH 7.0).
The blot transfer to the positively charged Roti® Nylon plus membrane (Carl Roth) was
set up as illustrated in Figure 2.2. The transfer was done overnight in 20 x SSC. The membrane
was placed on Whatman paper soaked in 2 x SSC and exposed to UV light in an Ultraviolet
Crosslinker (Amersham) with an energy of 1200 µJ/cm2.
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Table 2.6. Hybridization probe properties
Probe #1 is carrying an internal HindIII restriction site.
Probe ID Position from LB Length [bp] GC Content [%] Tm [°C] Thyb [°C]
# 1 1513 463 42 66 43
# 2 1958 407 48 68 45
# 3 3575 418 61 73 50
The optimal hybridization temperatures (THyb) for each probe were calculated with formu-
las 2.3 and 2.4.
Tm = 49.82+ 0.41(% G+C)− 600/l (2.3)
Thyb = Tm − (20 ◦C to 25 ◦C) (2.4)
Tm = melting point of probe-target hybrid; (% G+C) = % of G and C residues in probe se-
quence; l = length of hybrid in basepairs; Thyb = optimal hybridization temperature in DIG
Easy Hyb
For prehybridization, the blot was transferred to a hybridization bottle, 10 mL of prewarmed
(see Table 2.6) DIG Easy Hyb (Roche) were added and incubation was done in a hybridization
oven (30 min, constant agitation) at the respective temperature.
The hybridization probe was prepared by adding 7 µL of labeled probe to 50 µL of water
and incubating the mixture for 5 min in a boiling water bath. Following denaturation, the
probe was quickly chilled down on ice and mixed by inversion with 3.5 mL of prewarmed
DIG Easy Hyb to create the hybridization solution.
The prehybridization solution was replaced with the hybridization solution and incubated
overnight in a hybridization oven at the appropriate temperature (Table 2.6) with constant
shaking.
The hybridization solution was removed (stored at −20 ◦C), the blot transferred to a plastic
tray and washed two times with 200 mL of low stringency buffer (2 x SSC, 0.1 % (v/v) SDS)
for 5 min on a horizontal shaker. The low stringency buffer was replaced with 200 mL of
prewarmed (65 ◦C for probe 1 and 2, 68 ◦C for probe 3) high stringency buffer (0.5 x SSC, 0.1 %
(v/v) SDS for probe 1 and 2, 0.1 x SSC, 0.1 % (v/v) SDS for probe 3). The blot was incubated
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2 x 15 min in high stringency buffer on a horizontal shaker. The blot was either air dried and
stored at 4 ◦C or the probes were detected with a chemiluminescent method (2.2.15.4).
2.2.15.4. Chemiluminescent detection of DNA probes
The membrane was washed with 100 mL of washing buffer (0.1 M maleic acid, 0.15 M NaCl;
pH 7.5, 0.3 % (v/v) Tween-20) for 2 min at RT and horizontal shaking. The washing buffer
was replaced by 100 mL blocking solution (Roche, diluted 1:10) and incubated for 30 min up
to 3 h at RT with horizontal shaking. The blocking solution was replaced with 20 mL anti-
DIG antibody solution (Roche) and incubated for 30 min at RT with horizontal shaking. The
antibody solution was removed (stored for later use at −20 ◦C) and the membrane washed
twice (15 min each, RT, horizontal shaking) with 100 mL portions of washing buffer. The
membrane was equilibrated for 3 min in 20 mL of detection buffer (0.1 M TRIS-HCl, 0.1 M
NaCl, pH 0.5).
The detection of antibody conjugates was done by placing drops of Ready-to-use CDP-Star
(Roche) until the membrane was covered. The blot was tightly sealed in plastic sheets and
incubated for 5 min at RT. Finally, the blot was exposed to Biomax MS X-ray film (Kodak)
with varying exposure times (up to 30 min) at 37 ◦C.
2.2.16. Arabidopsis liquid culture
3 mg seeds per 250 mL Erlenmeyer flask were surface sterilized (subsection 2.2.2), mixed with
500 µL sterile select agar (0.15 % (w/v)) and pipetted into 30 mL of full nutrition medium
(Table 2.5). Germination was synchronized by cold treatment at 4 ◦C for 3 days. Medium was
changed after 7 days of growth at 25 ◦C with 12 hours light regime and shaking at 80 rpm.
Addition of priming agent (300 µM salicylic acid (SA)) for 3 days was followed by challenge
inoculation with 50 nM flg22 for a specific time (5 min to 1 h). For harvest, plants were dried
quickly on tissue paper and snap frozen in liquid nitrogen. Frozen material was ground in
liquid nitrogen and total proteins were extracted (2.2.11) for Western blot analysis (2.2.14).
2.2.17. BTH treatment of A. thaliana plants
Plants were equally sprayed with 100 µM Benzo-(1,2,3)-thiadiazole-7-carbothioic S-methyl es-
ter (BTH) solution or the wettable powder carrier only.
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2.2.18. Measurement or reactive oxygen species
The production of reactive oxygen species (ROS) was measured with a modified protocol after
Gómez-Gómez et al. [1999]. Leaf discs (5 mm diameter) from BTH-treated plants (2.2.17) were
floated overnight on water. For each reaction setup, 5 leaf discs were dried on tissue paper,
transferred into an assay tube and mixed with 100 µL of reaction solution (20 µM luminol,
1 µg horseradish peroxidase (HRP)) and 5 µL of a 20 µM solution of flg22. The assay tube was
placed immediately into a Lumat LB9501 luminometer (EG&G Berthold) and the release of
photons was measured for 15 minutes.
2.2.19. Pathogen assays
2.2.19.1. Inoculation with Pseudomonas syringae and SAR bioassay
Pseudomonas syringae pv. phaseolicola (Psp) expressing the plasmid-borne avrB gene (50 µg/mL
Rifampicin (rif50), 10 µg/mL Tetracycline (tet10) [Dong et al., 1991] or Pseudomonas syringae pv.
tomato (Pst) DC3000 (rif50) [Whalen et al., 1991] were streaked from glycerol stocks on King’s
medium B (KB, 20 g/L peptone, 1 % (v/v) glycerol, 1.5 g/L K2HPO4, 1.5 g/L MgSO4-7H2O,
8 g/L agar) agar plates in presence of antibiotics. A single colony was picked and grown
overnight (28 ◦C, 225 rpm) in liquid KB medium with antibiotics. After centrifugation (2000 g,
RT), the bacteria were washed twice in 10 mM MgCl2.
To induce SAR, Psp avrB (OD600 0.02) or 10 mM MgCl2 was infiltrated into three lower leaves
of each A. thaliana plant used with a syringe. Three days after incubation under short day
condition (2.2.1), the challenge inoculation was performed by infiltrating three upper leaves
with Pst DC3000 (OD600 0.2). Alternatively, the plants were primed with BTH (2.2.17). The
challenge inoculation was either done by infiltrating Pst DC3000 (OD600 0.02) or by dipping
the leaves into a solution of Pst DC3000 (OD600 1.0) with 0.01 % (v/v) Silwet L-77.
After 3 days of incubation under short day conditions, the bacteria were isolated from
the upper leaves. Therefore, one leaf disc (5 mm diameter) of an infected leaf of each plant
was mixed with 250 µL of 10 mM MgCl2 and 5 glass beads (2 mm diameter) in 2 mL reaction
tubes. The homogenization was performed in a Precellys 24 machine (peqlab) (6000 rpm,
30 s). After homogenization, 750 µL 10 mM MgCl2 were added and seven 1:10 serial dilutions
were made in 96-well plates. All seven dilutions were spread out on KB agar (rif50) plates.
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After incubation (2 d, 28 ◦C), colonies were counted and the amount of colony forming units
(cfu) per leaf disc calculated.
2.2.19.2. Inoculation of A. thaliana with Hyaloperonospora arabidopsidis
3-week-old seedlings of A. thaliana were sprayed with a conidiospore solution of H. arabidop-
sidis (isolate Noco). The development of the pathogen was assessed 7 days after inoculation
by trypan blue staining (2.2.26.1). Alternatively, 100 mg of Arabidopsis leaves were mixed thor-
oughly on a vortex with 1 mL water. The amount of released conidiospores was analyzed
by counting two times 10 µL-aliquots of suspension in a Neubauer improved cell counting
chamber (Paul Marienfeld GmbH) [Schmitz et al., 2010].
2.2.19.3. Inoculation of A. thaliana with Botrytis cinerea
For infection with the necrotrophic fungus Botrytis cinerea, a protocol by Ferrari et al. [2003]
was used. Botrytis cinerea strain BMM1 (isolated from Pelargonium zonale, kindly provided by
Brigitte Mauch-Mani) was cultivated on MS-plates for 7 days in long day conditions (fluores-
cent tubes, enhanced UVA emission). Several mL of water were added to the plate to release
the spores from the mycelium and the solution was filtered through two layers of gaze. The
filtrate was centrifuged (2000 g, 5 min, RT), spores suspended in 200 µL of potato dextrose
broth (PDB, Difco) (12 g/L) and stored at −80 ◦C [Zimmerli et al., 2001].
For inoculation of plants, leaves were placed with their petiole in 0.8 % agar. The frozen
spores were thawed and their concentration measured in a Neubauer improved cell counting
chamber (Paul Marienfeld GmbH). The spore concentration was adjusted to 2.5× 104 mL−1
or 5× 105 mL−1 in 1/2 x PDB and 5 µL droplets of the suspension were placed on both sides
of the middle vein. The petri dishes were placed under a wetted plastic hood to ensure high
humidity and incubated under long day conditions (2.2.1). After 3 days, the petri dishes
were photographed and the lesion diameters were measured in Photoshop CS5 Extended.
Afterwards, the leaves were frozen in liquid nitrogen for qPCR analysis (see below), or stained
with trypan blue for microscopic analysis (2.2.26).
As an alternative way to quantify the Botrytis development on Arabidopsis leaves, a real-time
PCR based method by Gachon and Saindrenan [2004] was used. DNA from Botrytis-infected
leaves was extracted with the protocol by Edwards et al. [1991] (2.2.4.2). The concentration of
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Figure 2.3. Drought stress setup
Example setup for one genotype. A total of 12 trays with 40 plants each was used. The three geno-
types analyzed (Col-0, mpk11, mpk17) were randomly distributed per tray. Chemical treatment was
performed once after 26 days. Drought stress was initiated three days later for a portion of the trays.
Irrigation of the drought stressed plants was resumed after 41 days.
the extracted DNA was determined (2.2.9), and 2 µL were used as template in a qPCR reaction
(2.2.7.5). For each sample two reactions were set up with primers specific for A. thaliana α-
Shaggy kinase (ASK) and B. cinerea Cutinase A (CUT-A) (Table A.2). A calibration curve of pure
DNA from Arabidopsis thaliana and Botrytis cinerea was used to quantify the amount of DNA
in each sample.
2.2.20. Drought stress
To asses the effect of constant drought, 5-to-6-week old, equally watered Arabidopsis plants
were grown under short day conditions (2.2.1). Three days prior to the end of water addition,
the plants were treated with BTH or the wettable powder carrier only (2.2.17). The develop-
ment of plant phenotype under drought stress was assessed photographically on a regular
basis until the plants were completely dry.
Additionally, the plant phenotype under drought stress was analyzed in the Jülich Plant
Phenotyping Center (JPPC). The method is described in detail in Jansen et al. [2009]. The
experiment was set up with 156 plants for each genotype (see Figure 2.3). The plants were
randomly distributed per tray. The BTH treatment 2.2.17) was performed after 26 days (see
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Figure 2.3). 3 days later, watering of a subset of plants was stopped to initiate drought stress.
Those plants were watered again after 40 days. Non invasive measurements started after
12 days. The plants were weighed daily for irrigation control. Chlorophyll fluorescence was
measured 24 times without illumination and 4 times with illumination. Leaf temperature was
measured 12 times in regular intervals. The plants were harvested after 48 days, the fresh
weight was determined and the plants were dried at 65 ◦C to determine the dry weight.
2.2.21. Cloning
DsRNAi- (double stranded RNA interference), overexpression-, as well as GUS- and GFP-
reporter constructs of MPK11 and MPK17 were generated with the Gateway® cloning system
(Invitrogen). This method is based on in vitro site-specific recombination to accomplish
directional cloning of PCR products [Hartley et al., 2000] and is derived from the Lambda
phage [Landy, 1989].
The general cloning procedure consists of two steps. First, PCR products with attB at-
tachment sites are combined in a BP reaction with attP-containing donor vectors to create
attL-containing entry clones. These vectors are subsequently combined in a LR reaction with
attR-containing destination vectors to generate attB-containing expression clones.
2.2.21.1. Generation of entry clones (BP reaction)
Products from proofreading PCR (2.2.7.3) were purified (2.2.7.6), and used as templates for
the creation of entry clones. 250 ng of purified PCR product and 250 ng of pDONR207 donor
vector were mixed with 9 µL of 1 x TE buffer and 1 µL of Gateway® BP Clonase® II enzyme
mix and incubated overnight (RT). 1 µL of Proteinase K (Invitrogen) was added to the mix-
ture and incubated for 10 min at 37 ◦C. 5 µL of recombination product were used to transform
Escherischia coli (E. coli) DH5α bacteria (2.2.21.4).
2.2.21.2. Generation of expression clones (LR reaction)
150 ng of isolated entry vector were mixed with 150 ng of destination vector (Table 2.3), 9 µL
of 1 x TE and 1 µL of Gateway® LR Clonase® II enzyme mix. After overnight incubation
at RT, 1 µL of Proteinase K was added and the mixture incubated for 1 h at 37 ◦C. 5 µL of
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recombination product were used to transform E. coli (2.2.21.4). Confirmed plasmids, isolated
from E. coli expression clones, were used to transform Agrobacteria (2.2.21.7).
2.2.21.3. Preparation of competent E. coli cells
E. coli DH5α were grown overnight (225 rpm, 37 ◦C) in 100 mL of LB (lysogeny broth) medium
(2.1.7). 10 mL of the overnight culture was used to inoculate 100 mL of fresh LB and grown
until an OD600 of 0.3 to 0.5 was reached (2.2.21.8). The culture was cooled down on ice for
15 min in 50 mL tubes. After centrifugation (2000 g, 10 min, RT), the pellet was resuspended in
10 mL of TFBI buffer (30 mM potassium acetate (KAc), 50 mM MnCl2, 100 mM RbCl, 10 mM
CaCl2, 15 % (v/v) glycerol, in H2O, pH 5.8 with HCl) and kept on ice for 10 min. Follow-
ing centrifugation (as before), the pellet was resuspended in 1 mL of TFBII buffer (10 mM
3-morpholinopropane-1-sulfonic acid (MOPS) [Good et al., 1966], 10 mM RbCl, 75 mM CaCl2,
15 % (v/v) glycerol, in H2O, pH 7.0 with HCl). 50 µL aliquots of the cells were snap frozen in
liquid nitrogen and stored at −80 ◦C.
2.2.21.4. Transformation of chemical-competent E.coli cells
Per transformation, 50 µL of chemical-competent E.coli cells (2.2.21.3) where thawed on ice,
mixed with 5 µL of plasmid and incubated on ice for 10 min. Transformation was performed
by heat shock of the cells (90 sec at 42 ◦C). Cells were cooled down on ice for 10 min and
incubated with 1 mL of LB-medium without antibiotics for 30 min at 37 ◦C. 100 µL of cells
were plated on LB-agar plates with the appropriate antibiotics and incubated overnight at
37 ◦C. Bacterial colonies were analyzed for the correct insertion of the plasmid by colony-
PCR (2.2.7.2). An overnight culture (5 mL LB, 37 ◦C, 225 rpm) of confirmed clones was used
to amplify and extract the plasmid (2.2.21.5). 750 µL of overnight culture were mixed with
750 µL of 50 % (v/v) sterile glycerol and stored at −80 ◦C.
2.2.21.5. Plasmid preparation
2 mL of an overnight culture were used to extract the transformed plasmids with either
the Zyppy™ Plasmid Miniprep Kit (Zymo Research) or the QIAprep® Spin Miniprep Kit
(Quiagen) according to manufactures protocol. Plasmid concentration was measured spec-
trophotometrically (2.2.9) and the plasmids were stored at −20 ◦C.
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2.2.21.6. Preparation of electrocompetent A. tumefaciens cells
An overnight culture of Agrobacterium tumefaciens cells (2 mL of YEP-medium (2.1.7) with ap-
propriate antibiotics, 225 rpm, 37 ◦C) was diluted 1:100 with YEP-medium and grown until
an OD550 of 1 to 1.5 was reached (2.2.21.8). The culture was incubated on ice for 10 min in
prechilled 50 mL tubes. After centrifugation (2000 g, 5 min, 4 celsius), the pellet was resus-
pended in 1/5 vol of prechilled, sterile water. The cells were centrifuged again (as before) and
resuspended in 500 µL of sterile 10 % (v/v) glycerol. The cells where snap frozen in liquid
nitrogen and stored at −80 ◦C in 50 µL alliquots.
2.2.21.7. Transformation of electrocompetent A. tumefaciens cells
50 µL of electrocompetent agrobacteria (2.2.21.6) were mixed with 5 µL of vector in a prechilled
electroporation-cuvette and stored on ice. Transformation was performed in a MicroPulser
(Bio-Rad) electroporator (2.2 kV, 5 ms). 1 mL of YEP-medium without antibiotics was im-
mediately added to the cuvette and the mixture was transferred into a reaction tube. After
incubation ( 2 h, 28 ◦C), 5 µL transformation mixture were mixed with 100 µL H2O and plated
on YEP-agar plates containing 25 µg/mL kanamycin (kan25), 100 µg/mL rifampicin (rif100) and
50 µg/mL carbenicillin (carb50). After incubation (up to 4 days, 28 ◦C), clones were analyzed
with colony-PCR (2.2.7.2) and positively tested colonies were transferred to new YEP-agar
plates with antibiotics and to overnight cultures. 750 µL of the overnight culture were mixed
with 750 µL of 50 % (v/v) sterile glycerol and stored at −80 ◦C.
2.2.21.8. Quantification of bacterial cells
The concentration of bacterial cells was determined by measuring the optical density (550 nm
for agrobacteria or 600 nm for E.coli) of the diluted samples in a DU700 spectrophotometer
(Beckman Coulter Inc.. Medium containing the appropriate antibiotics was used for refer-
ence.
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2.2.22. Plant transformation
2.2.22.1. Stable transformation of A. thaliana
A modified protocol ([Clough and Bent, 1998] and [Bechtold and Pelletier, 1998]) was used
for agrobacteria-mediated transformation of A. thaliana. A 2 mL overnight culture (225 rpm,
28 ◦C) of Agrobacteria in YEP-medium with antibiotics was used to inoculate 100 mL of YEP-
medium (225 rpm, 28 ◦C, up to 2 days). Cells with an OD600 of 0.8-1.6 were centrifuged
and resuspended in 30 mL of 5 % (w/v) sucrose. Silwet L-77 (Lehle Seeds) was added to a
final concentration of 0.05 % (v/v). Flowers were dipped for approximately 15 sec into the
bacterial solution, dried for several minutes and covered with a transparent plastic hood for
24 h. The plants were kept under long day conditions (2.2.1) until seeds did set. Transformants
were selected with BASTA (2.2.22.3) or hgyromycin B (2.2.22.4) depending on the transformed
vector.
2.2.22.2. Transient transformation of N. benthamiana
A modified protocol after Yang et al. [2000] was used for the transient transformation of to-
bacco. 50 mL of YEP-medium with antibiotics was inoculated with 2 mL of an overnight cul-
ture (225 rpm, 28 ◦C) and incubated (same conditions) until an OD600 of 0.8-1.0 was reached.
The culture was centrifuged ( 2800 g, 15 min) and the pellet resuspended in 20 mL of infil-
tration medium (10 mM MgCl2, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.6,
150 µM acetosyringone (Sigma)). Tubes were placed on a roller-shaker for 2 h at room temper-
ature. Plants were infiltrated with a 1 mL syringe without needle and incubated for 2-3 days
under long day conditions (2.2.1) until protein expression took place. GFP- (2.2.25) or GUS-
(2.2.26.3) expression were detected microscopically.
2.2.22.3. Selection with BASTAr
Transgenic plants harboring the BAR gene were selected by sowing seeds on soil which was
drenched with 200 mg/L BASTAr herbicide in water (Bayer, phosphinotricin as the active
ingredient), stratification (2 days, 4 ◦C), followed by growth under short day condition (2.2.1).
Plants resistant to the herbicide grow normally while susceptible plants die at seedling stage.
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2.2.22.4. Selection with Hygromycin B
To select for plants containing the Hygromycin B (ForMedium™) selection marker a protocol
by Waldron et al. [1985] was used. Seeds were surface sterilized (2.2.2), placed onto 1/2
strength MS-agar plates (8 g/l agar, pH 5.7) containing 20 µg/mL Hygromycin B, and stratified
for 2 d in the dark. Afterwards, the plates were moved into a dark place for 4 d at room
temperature. Positive transformants showed an increased hypocotyl growth compared to
non-transformed plants. The plates were transferred to constant light conditions, and positive
transformants were separated onto moist soil after greening of the seedlings.
2.2.23. Plant crossing
For plant crossing, plants were grown under long day conditions (2.2.1) and the first inflores-
cence was removed to enable the growth of more inflorescences. Any siliques, open flowers
and buds were removed from the plants. The sepals, petals and anthers were removed care-
fully from the flowers. An anther was than used to pollinate a stigma. The crossed plants
were then transferred to long day conditions (2.2.1) for seed development while being kept
under a plastic hood to ensure high humidity for two days.
2.2.24. Quantification of callose
The production of callose was induced by infiltration of flg22 (5 nM to 500 nM) with a needle-
less syringe into Arabidopsis leaves, that had been treated with BTH or empty formulation
(2.2.17). One day post inoculation, callose was extracted with the protocol by Kohler et al.
[2000].
Leaves were destained with ethanol for several days on a roller shaker in 2 mL tubes. The
ethanol was removed, 300 µL DMSO (dimethyl sulfoxide) and five glass beads (2 mm diame-
ter) were added to each tube. Leaf homogenization was performed in a Precellys 24 machine
(peqlab) (6000 rpm, 30 s). The tubes were sealed with safety locks, boiled for 30 min in a pres-
sure cooker, and cooled down to room temperature. After centrifugation (18.000 g, 10 min,
RT), the supernatant was transferred to a new tube. 100 µL of each sample were supple-
mented with 200 µL 1 M NaOH and 1.2 mL of loading mixture (400 µL 0.1 % (w/v) aniline
blue (Riedel - de Haën) in water; 590 µL 1 M glycine/NaOH (pH 9.5); 210 µL 1 M HCl) or
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Table 2.7. Filters used for microscopy
name fluorochrome excita-
tion
excitation filter dichromatic mirrors suppression filter
+A4 aniline blue UV BP 360/40 400 BP 470/40
I3 GFP blue BP 450-490 510 LP515
N2.1 autofluores-
cence
green BP 515-560 580 LP590
200 µL 1 M NaOH and 1.2 mL of loading mixture without aniline blue (replaced by water in
the loading mixture). The samples were mixed thoroughly, incubated at 50 ◦C for 20 min and
cooled down to room temperature.
The samples were measured in a Jasco FP-750 fluorometer (Jasco) (393 nm excitation wave-
length, 479 nm emission wavelength). Because callose is chemically heterogenous, a dilution
series of the β-1,3-glucan pachyman (Calbiochem) was used to relatively quantify the sam-
ples. The callose concentration is therefore given as pachyman equivalent (PE) per gram leaf
fresh weight. To acquire the accurate callose concentration, the PE-value from the sample
without aniline blue, representing the amount of autofluorescence, was subtracted from the
respective value with aniline blue.
2.2.25. Microscopical analysis
For the analysis of non-fluorescent stains a Nikon Eclipse50i microscope (Nikon) or a Leica
MZ16 binocular (Leica) was used. Image acquisition was performed with a Moticam 2500
camera (Motic) using Motic Images Plus 2.0 software (2.1.8).
Aniline blue staining and GFP fluorescence were analyzed using a Leica DM R microscope
(Leica) with a KYF750 camera (JVC) and DISKUS image acquisition software (2.1.8).
Confocal microscopy was performed with a Leica TCS SP2 system (Leica), consisting of a
DM RBE microscope with 20 x and 63 x (water immersion) objectives coupled with an argon
ion laser. The filters used for microscopy are listed in Table 2.7. Images were processed with
Leica LCS (Leica) and ImageJ software.
Plasmolysis experiments were performed by vacuum infiltration of 1 M CaCl2 into leaf discs
of N. benthamiana.
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2.2.26. Staining techniques
2.2.26.1. Trypan-blue staining
Plant material was placed in Trypan blue staining solution (10 % (v/v) lactic acid, 10 % (v/v)
glycerol, 10 % (v/v) H2O, 70 % (v/v) ethanol, 0.025 % (w/v) Trypan blue) for one minute at
80 ◦C and cooled down for 10 min at room temperature. Staining solution was removed and
the material was destained with chloral hydrate (2.5 g/mL in H2O) for several days at room
temperature and analyzed microscopically (2.2.25).
2.2.26.2. Aniline-blue staining of callose depositions
Leaves were destained with chloral hydrate (2.5 g/mL) and callose was stained with aniline
blue solution (0.01 % aniline blue (Riedel - de Haën) in 150 mM KH2PO4, pH 9.5) for 1-2
days. The leaves were mounted in 50 % (v/v) glycerol for microscopy (2.2.25).
2.2.26.3. Detection of β-glucuronidase (GUS) activity
For the histochemical localization of β-glucuronidase (GUS) reporter activity, a modified pro-
tocol by Vitha et al. [1995] was used. Plant material was vacuum infiltrated with GUS-staining
solution (0.1 mM sodium phosphate buffer pH 7.0, 10 mM EDTA pH 8.0, 0.1 % (v/v) Tri-
ton X-100, 1 mM K3Fe(CN)6, 0.1 mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X-Gluc,
Fermentas)) and incubated at 37 ◦C for several days until a blue staining became visible. After
destaining (2.2.26.1), the leaves were mounted in 50 % (v/v) glycerol for microscopy (2.2.25).
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3. Results
Identification of BTH-induced MPKs
Previous work in the Conrath lab identified MPK3 and MPK6 as important proteins in signal
transduction during priming of A. thaliana [Beckers et al., 2009]. To elucidate a potential role in
the regulation of priming for other MPK members, bioinformatic analysis of publicly available
microarray data was performed. Two microarray data sets from BTH-treated A. thaliana plants
were taken from the Genevestigator database [Hruz et al., 2008]. The averaged induction of
gene expression from all 20 MPKs and 10 MKKs after BTH treatment compared to untreated
control plants is shown in Figure 3.1. From the MPK tier, only MPK11 exhibited a strong
upregulation after BTH treatment, whereas the induction of MPK3 and MPK6 was relatively
weak. Induction of expression was also seen for MPK1, 2, 4, 16, and 17. From the MKK tier,
MKK1 and MKK2 exhibited the strongest induction of gene expression after BTH treatment,
whereas MKK4, 5 and 6 were induced to a lower level.
Based on the strong expression of MPK11 upon BTH treatment, MPK11 became the prime
candidate for further analysis of BTH-induced priming in A. thaliana. As no functional role
for MPK11 was published at the beginning of this study, further bioinformatic analysis were
performed.
Figure 3.2 summarizes the induction of gene expression of the three well characterized
MPKs 3, 4, and 6, as well as MPK11 and 17 following different biotic and abiotic stimuli,
taken from Genevestigator database. In every experiment analyzed, induction of MPK11 gene
expression was higher compared to the other MPKs. These results did emphasize a potentially
important role of MPK11 in BTH-induced priming and in the transmission of stress stimuli.
To analyze whether MPK11 mediates priming or defense responses in planta, mpk11 T-DNA
knockout seeds were ordered from the European Arabidopsis Stock Centre. In addition to
mpk11, available T-DNA knockout seeds for all MPKs and MKKs were obtained to scan for
interesting phenotypes of the mutants.
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Figure 3.1. Gene activation of MAPKs after BTH treatment
Average data from two publicly available microarray experiments (AT-00278, AT-00291) of A.thaliana
treated with BTH. Taken from Genevestigator database. Bars represent mean of fold induction
against untreated control + SDM.
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Figure 3.2. Gene activation of MAPKs after abiotic and biotic stress
Data taken from Genevestigator database (2.1.9). Treatment of A. thaliana with B. cinerea (AT-00147),
Blumeria graminis (AT-00309), Phytophthora parasitica (AT-00425), Pseudomonas syringae pv tomato avrB
(AT-00393), Pseudomonas syringae pv maculicola avrB ES4326 (AT-00406), chitin (AT-00169), elf18 (AT-
00128), ozone (AT-00025), flg22 (AT-00392), SA (AT-00339), UV-light (AT-00197), cold (AT-00120) or
drought (AT-00419). Bars represent fold induction over untreated control.
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Characterization of mpk mutants
Plants carrying homozygous T-DNA insertions in the mpk or mkk gene were identified with a
PCR-based approach (2.2.7.1). Primers for the detection of T-DNA insertions were designed
using the T-DNA Primer Design online resource (2.1.9). For most MPKs and MKKs at least
one homozygous A. thaliana T-DNA insertion line was found (data not shown).
Most mutants did not exhibit abnormal growth or an obvious flowering phenotype except
mkk6 and mpk17. Homozygous mkk6 mutant showed a clear dwarf phenotype reminiscent
of the mpk4 phenotype (see below). In contrast to this, mpk17 plants exhibited complex and
non-uniform deformations of the leaves (Figure 3.6). Unfortunately, none of the few mkk6
homozygous plants did flower, so further analysis of this mutant could not be performed.
In contrast, mpk17 mutant plants did flower seemingly normal, irrespective of the degree of
leaf deformation. Microarray analysis revealed that MPK17 is induced upon BTH treatment
(Figure 3.1) and various biotic (Pseudomonas syringae, chitin, flg22) and abiotic stimuli (ozone,
drought) (Figure 3.2). MPK17 induction is weaker compared to the induction of MPK11, but
mostly similar to MPK3 and 6, the members of the MPK cascade involved in several defense
responses and in priming [Asai et al., 2002; Beckers et al., 2009]. Therefore it was feasible to
assume, that MPK17 might be involved in primed defense response and hence included into
further analysis.
High throughput analysis of mpk and mkk mutants
To identify mutants with alterations in the priming response or towards biotic stress, two high
throughput methods were used to cope with the large amount of mutants.
On a subset of MPK mutants, the response to flg22 treatment, as a typical example for biotic
stress, was examined. Treatment of A. thaliana seedlings with flg22 led to a reduction of root
growth and fresh weight [Gómez-Gómez et al., 1999]. As a control, the ecotype Wassilewskija-
0 (Ws-0) was used for being a natural fls2 mutant due to a stop codon in the kinase domain
[Gómez-Gómez et al., 1999; Zipfel et al., 2004].
Treatment with 50 nM flg22 led to a significant reduction of root growth in all mutants and
the Col-0 accession, whereas the Ws-0 accession was unaffected by flg22 treatment (Figure 3.3
A). The impact of flg22 treatment on the reduction of fresh weight was significant only in
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Figure 3.3. Effect of flg22 on root length (A) and fresh weight (B) of A. thaliana seedlings
Surface sterilized A. thaliana seeds were placed on 0.5 x MS plates containing 0.8 % (w/v) agar, 1 %
(w/v) sucrose and 50 nM flg22. Control plates were set up without flg22. After stratification of seeds
for two days, plates were placed vertically in short day conditions (2.2.1). Root length and fresh
weight were determined after two weeks. Means from nine plants per treatment + SD. Asterisks in-
dicate significant differences between flg22-treated seedlings and control seedlings according to Stu-
dent’s t-test (n = 9, p < 0.001).
some of the mutants (Figure 3.3 B).
A second high throughput approach was performed to find MPK mutants with alterations
in the chemically primed defense response against virulent bacteria. Therefore, A. thaliana
seedlings grown in 96-well-plate liquid cultures were primed with SA and inoculated with
virulent Pst DC3000 bacteria (final concentration of 1x107 CFU ml−1) [Schreiber et al., 2008].
In this assay, bleaching of chlorophyll serves as readout for bacterial growth [Schreiber et al.,
2008], either visually or using a fluorescence microtiter plate reader. Unfortunately, this anal-
ysis method was not reliable, because repeated measurements of the same wells did not yield
similar results probably due to unequal dispersion of seedlings in the wells (data not shown).
Additionally, control of the bleaching symptoms by eye did not show a significant differ-
ence of chlorophyll bleaching between SA-primed and non-primed plants after Pst treatment,
although this was reported by Schreiber et al. [2008].
Since both high throughput assays did not yield additional interesting candidates, further
experiments were only performed with mpk11 and mpk17 mutants.
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Figure 3.4. Gene structure of MPK11 (A) and MPK17 (B)
Exons are represented as black, and untranslated regions as grey boxes. Introns are represented by
the small lines between exons. Translational direction is indicated by the arrow heads. Positions of T-
DNA insertions (either SALK or GABI-KAT (GK)) are represented by triangles where left border (LB)
and right border (RB) of the T-DNA are indicated. According to TAIR database.
Gene structure of MPK11 and MPK17
The gene structure of MPK11 is illustrated in Figure 3.4 A. According to the TAIR database,
MPK11 has two splice variants, with the shorter one (AT1G01560.1) lacking the last two exons.
Two T-DNA insertion lines were available for mpk11, one SALK line in the fourth exon and
one GABI-KAT line in the last exon, that would only target the long transcript of MPK11.
Although several generations of mutants were analyzed, homozygous T-DNA insertions were
only found for the SALK line. DNA sequencing of the SALK T-DNA insertion revealed its
localization inside the fourth exon, 44 bp towards the 5’-end when compared to the TAIR
database information.
The genomic structure of MPK17 is more complex, with four known alternative splicing
variants (Figure 3.4 B). Three separate SALK T-DNA lines where available for mpk17, with
two T-DNA lines (SALK_040905 and SALK_040437) located in the 5’-untranslated region at
the same position according to the TAIR database. The third line (SALK_020801) is located in
the fourth intron. For both individual positions, homozygous T-DNA insertions were found
and their positions were confirmed via DNA sequencing.
Sequence alignments and phenotypes of mpk11 and mpk17
MPK11 belongs to group B MPKs together with MPK4, 5, 12 and 13 [GroupMAPK, 2002]. The
closest homolog to MPK11 is MPK4, which is supposed to be a negative regulator of SAR,
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Figure 3.5. Amino acid sequence alignment of MPK11 and MPK17 to their closest homolog
Amino acid sequences are numbered from the starting methionine. Differences in amino acid se-
quence are indicated with the appropriate letter, similarities are indicated by a dot. “∼” indicates a
gap and a “*” indicates a stop codon. Total amino acid sequence similarity for MPK11/MPK4 is 85 %,
and 67 % for MPK17/MPK9. Pairwise alignment was performed with BioEdit (2.1.8).
and being involved in jasmonate- and salicylate-dependent defense responses [Petersen et al.,
2000; Brodersen et al., 2006; Qiu et al., 2008a] . At the amino acid level, MPK4 and MPK11
share 85 % similarity, with the strongest differences at the N-terminal and C-terminal ends of
the proteins (Figure 3.5).
Although differences between MPK11 and MPK4 on the protein level are quite small, the
phenotype of mpk4 significantly differs from that of mpk11. Whereas mpk11 plants have a
phenotype similar to wild-type Col-0 plants, mpk4 plants exhibit a strong reduction in growth
and show severe leaf deformations (Figure 3.6 A to C). The impact of the T-DNA insertion on
growth and leaf formation is more pronounced in the mpk4-1 allele found in Landsberg erecta
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(Ler) background compared to the mpk4-2 allele in Col-0 background. The mpk4 phenotype is
well described in literature and supposed to be the result from elevated SA levels [Petersen
et al., 2000; Kosetsu et al., 2010]. Despite reduced size, mpk4 plants produce viable seeds,
although at reduced quantity and quality compared to wild-type plants [Petersen et al., 2000;
Kosetsu et al., 2010].
MPK17 belongs to MPK group D, the most heterogenous group of MPKs, all of which con-
tain the TDY sequence motif in their activation loop [GroupMAPK, 2002]. Sequence alignment
revealed, that the closest homolog of MPK17 in A. thaliana is MPK9. According to Jammes et al.
[2009], MPK9 is involved in ROS-mediated abscisic acid signaling in guard cells. MPK17 and
MPK9 share 67 % similarity at DNA and protein level with the majority of differences being
located in the C-terminal region of the proteins (Figure 3.5 B).
In contrast to mpk4 mutant plants, mpk17 mutants exhibited deformations of the leaf sur-
face to a varying degree (Figure 3.6 D to G). Some plants were reduced in size and had a
majority of deformed leaves, while other plants looked essentially like Col-0 wild-type. Addi-
tionally, the strongly deformed leaves where quite brittle compared to wild-type leaves. The
deformed leaves were also observed on mpk17 plants grown under sterile conditions on MS
plates (Figure 3.6 E and F). Furthermore, trypan blue staining of deformed leaves did not
show an accumulation of dead cells in the deformed areas, indicating that the leaf alterations
are not caused by pathogens (data not shown).
Analysis of promoter sequences for MPK11 and MPK17
Enrichment of specific regulatory elements can yield information on possible functions of a
gene. Therefore, promoter sequences of MPK11 and MPK17 were analyzed using the Athena
database [O’Connor et al., 2005] and are summarized in Table 3.1.
The predicted promoter of the MPK11 gene did contain several binding sites for transcrip-
tion factors (TF). Two of these cis-acting elements (MYB1LEPR and WBOXATNPR1) bind TFs
with possible roles in plant defense [Chakravarthy et al., 2003; Yu et al., 2001; Rushton et al.,
2010]. The MYBPLANT motif is found in genes of the phenylpropanoid pathway, for ex-
ample PAL1, chalcone synthase (CHS) and 4-coumarate-CoA-ligase (4-CL) [Sablowski et al.,
1994]. Two further regulatory elements, are found in promoters of drought-responsive genes
(MYB2AT) and in promoters that confer tolerance to UV-light [Jin et al., 2000; Abe et al., 2003].
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Figure 3.6. Morphology of mpk4, mpk11, and mpk17 plants
(A) to (D) Phenotypical differences between five-week-old mpk11 (Col-0) (A), mpk4-1 (Ler) (B), mpk4-2
(Col-0) (C), and mpk17 (Col-0) (D) plants grown on soil.
(E) and (F) Two-week-old Col-0 (E) and mpk17 (F) plants grown on sterile MS plates with visible leaf
deformations on mpk17 plants.
(G) Phenotypical variance of mpk17 plants (5-week-old plants grown on soil).
Arrows indicate deformed leaves. Bars: 1 cm.
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Table 3.1. Regulatory elements in promoter sequences of MPK11 and MPK17
Regulatory elements were predicted with Athena [O’Connor et al., 2005], and annotation was per-
formed using the PLACE database [Higo et al., 1999].
Gene cisID Position Strand Sequence Reference
MPK11
CARGCW8GAT -27 -18 + CTTTTTTTTG Tang and Perry [2003]
-27 -18 - CTTTTTTTTG
GAREAT -406 -400 - CTTGTTA Ogawa et al. [2003]
MYBPLANT -106 -99 + AACCAAAC Sablowski et al. [1994]
MYB1LEPR -58 -52 + GTTAGTT Chakravarthy et al. [2003]
MYB2AT -382 -377 - CAGTTA Abe et al. [2003]
-455 -450 - CAGTTA
-543 -538 - CAGTTA
MYB4 binding site -109 -103 + AACAACC Jin et al. [2000]
-105 -99 + ACCAAAC
-58 -52 - GTTAGTT
-306 -300 - GTTTGTT
TATA-box -119 -114 + TATAAA Smale and Kadonaga [2003]
-121 -116 - TTTATA
WBOXATNPR1 -290 -285 + TTGACT Yu et al. [2001]
MPK17
ARFAT -970 -965 - GAGACA Ulmasov et al. [1999]
MYCATRD22 -151 -146 + CACATG Abe et al. [1997]
LREBOX2PSRBCS3 -285 -280 - TTAACC Green et al. [1987]
-319 -314 - TTAACC
-459 -454 - TTAACC
-529 -524 - TTAACC
CARGCW8GAT -568 -559 + CTAAAAATAG Tang and Perry [2003]
-568 -559 - CTAAAAATAG
IBOX -753 -748 + GATAAG Giuliano et al. [1988]
-748 -743 + GATAAG
-607 -602 - CTTATC
-697 -692 - CTTATC
MYB1AT -458 -453 + TAACCA Abe et al. [2003]
-410 -405 + TAACCA
-318 -313 + TAACCA
MYCATERD1 -151 -146 - CACATG Simpson et al. [2003]
TBOXATGAPB -423 -418 - CAAAGT Chan et al. [2001]
TATA-box -344 -339 + TATAAA Smale and Kadonaga [2003]
-44 -39 + TATAAA
WBOXATNPR1 -896 -891 - GGTCAA Yu et al. [2001]
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For the MPK17 promoter, several light-responsive elements were found (LREBOX2PSRBCS3,
IBOX, and TBOXATGAPB) [Green et al., 1987; Giuliano et al., 1988; Chan et al., 2001]. Ad-
ditionally, three motifs associated with drought resistance were predicted (MYCATRD22,
MYB1AT and MYCATERD1) [Abe et al., 1997, 2003; Simpson et al., 2003]. Furthermore, a
binding site for WRKY TFs was found (WBOXATNPR1) [Yu et al., 2001; Rushton et al., 2010].
For hormonal response, one gibberellic acid responsive element (GAREAT) [Ogawa et al.,
2003] was found for MPK11 , whereas an auxin responsive element (ARFAT) [Ulmasov et al.,
1999] was found in the MPK17 promoter. Both promoters did also contain a binding site
(CARGCW8GAT) for AGAMOUS-like 15 (AGL15), a transcription factors that preferentially
accumulates during embryo development [Tang and Perry, 2003].
Transcriptional analysis
Depending on the position, homozygous insertion of a T-DNA must not always lead to a
complete loss of transcription, the so-called knockout. Insertions usually found in promoter
sequences, for example, can lead to a reduction in transcript abundance, the so-called knock-
down. On the other hand, insertions in introns might not lead to a reduction in transcript level
at all, if the T-DNA is spliced out [Krysan et al., 1999]. It is therefore necessary to analyze the
expression of genes harboring T-DNA insertions.
Furthermore, for mpk3 and mpk6, an attenuation of priming of PAL1 and PR1 was reported
[Beckers et al., 2009]. To test, whether T-DNA insertions in mpk11 or mpk17 have a similar
effect, expression analysis was performed on plants primed with BTH and water infiltration
was used as stress stimulus, a method routinely used in our group [Beckers et al., 2009;
Jaskiewicz et al., 2011]. The expression level of target genes was analyzed by RT-qPCR and
given as fold change over untreated control plants.
For the homozygous mpk11 SALK T-DNA line, using a primer pair spanning the T-DNA
insertion site, a knockout of MPK11 was observed (Figure 3.7), indicating that both transcripts
of MPK11 (Figure 3.4) are knocked out. Expression of the MPK11 gene in Col-0 wild type was
increased upon BTH-treatment and further induced by the infiltration of water, representing
a bona-fide primed reaction [Jaskiewicz et al., 2011]. The fold change display of data does not
reflect the overall expression level of MPK11 in wild-type plants, which was quite low when
compared to most of the other MPK genes analyzed.
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Figure 3.7. Transcript abundance in BTH-treated Col-0 wild-type and mpk11 plants
4-5-week-old A. thaliana plants were sprayed with wettable powder carrier (-) or 100 µM BTH. Three
days later, three leaves per plant were challenged by water infiltration. Challenged leaves were har-
vested after three days. Transcript accumulation was detected by RT-qPCR. Expression values were
normalized to ACTIN2. Data represents fold change of gene expression over untreated control plants.
Bars are means from three independent replicates + SEM.
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The knockout of a kinase can lead to a compensational response of other kinases, as seen
on protein level for MPK3 and MPK6 (Figure 3.10 and Beckers et al. [2009]). Therefore, the
expression of the three MPKs mainly associated with defense responses of A. thaliana, MPK3,
MPK4, and MPK6 [Rodriguez et al., 2010], was analyzed in mpk11 background to test if there
is a compensational effect. In addition Beckers et al. [2009] revealed that priming of PAL1 and
PR1 expression is attenuated in the mpk3 and mpk6 mutants. Consequently, the expression
of known defense and priming-related genes, including PAL1 [Mauch-Mani and Slusarenko,
1996; Kohler et al., 2002], several PR genes [Thulke and Conrath, 1998; Cameron et al., 1999],
and WRKY transcription factors [Jaskiewicz et al., 2011] was analyzed in the mpk11 and mpk17
mutants.
As Figure 3.7 illustrates, expression, especially in the primed state of the analyzed genes,
did vary between the experiments, resulting in high standard error. Nevertheless, according
to their expression pattern, the genes whose expression was analyzed could be divided into
three groups.
The first group consisted of MPK3, MPK4 and MPK6. A constitutive expression of these
genes was was found in mpk11 and wild type background, regardless of treatments, although
a slight increase in expression of MPK4 was found in the combination of BTH treatment and
water infiltration (Figure 3.7). Furthermore, no significant differences in expression of MPK3,
MPK4 and MPK6 between the mpk11 background and the wild type were found, except for
a slightly higher expression of MPK6 in the mpk11 background. In contrast to MPK3, MPK4,
and MPK6, expression of MPK11 in the wild type was clearly primed by the combination of
BTH treatment and water infiltration.
The second group of analyzed genes consisted of PAL1, WRKY6, WRKY18, WRKY29, and
WRKY53. These genes were induced by infiltration of water alone in mpk11, and, with the
exception of WRKY6, also in the wild type (Figure 3.7). Whereas BTH treatment alone did not,
or only weakly, induce these genes, their expression was raised by the combination of BTH
treatment and water infiltration. A clear primed response was found for WRKY6, WRKY18,
WRKY29, and, to a lesser extend, for WRKY53 and PAL1 in the wild type. In contrast, priming
of WRKY18, WRKY29, and WRKY53 was not observed in the mpk11 background and reduced
for PAL1 and WRKY6.
In the third group, expression of PR1, PR2 and PR5 was induced by BTH treatment alone,
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Figure 3.8. Transcript abundance in BTH-treated Col-0 wild-type and mpk17 plants
4-5-week-old A. thaliana plants were sprayed with wettable powder carrier (-) or 100 µM BTH. Three
days later, three leaves per plant were challenged by water infiltration. Challenged leaves were har-
vested three days after water infiltration. Transcript accumulation was detected by RT-qPCR. Expres-
sion values were normalized to those of ACTIN2. Data represents fold change of gene expression
over untreated control plants.
whereas water infiltration alone had no effect (Figure 3.7). The combination of both treatments
did result in increased expression, although priming was only weakly seen for PR1 and PR2
in the wild type but not at all in the mpk11 background.
Taken together, the expression analysis results reveal a small impact by the loss of mpk11 on
the priming response of some pathogenesis related genes and a small compensational effect
on expression of MPK6.
Transcription analysis of some selected genes was performed with the mpk17 mutant as
well (Figure 3.8). Expression of MPK17 in homozygous SALK_020801 lines was analyzed
using primers located in the exons adjacent to the T-DNA insertion in the intron. No MPK17
transcripts were found in this line, demonstrating a knockout of the gene. While MPK17 gene
expression in the wild type was neither induced by BTH nor infiltration of water, its expression
was strongly increased by infiltration of water into BTH-treated plants (Figure 3.8). Although
the expression pattern of MPK17 (Figure 3.8) was similar to those of MPK11 (Figure 3.7), the
expression level of MPK17 was at least 10 fold higher compared to MPK11 (seen in raw data
only, not shown).
To test, if knockout of mpk17 has an influence on the priming response of defense related
genes, transcription pattern of PAL1 and WRKY29 were compared between wild-type and
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Figure 3.9. Transcript abundance in MPK11 overexpression plants
4-5-week-old A. thaliana plants were sprayed with wettable powder carrier (-) or 100 µM BTH. Three
days later, three leaves per plant were challenged by water infiltration. Leaves were harvested after
three days. Transcript accumulation was detected with RT-qPCR. Data is expression relative Actin2.
Bars are means from six plants + SD.
mpk17 background (Figure 3.8). Expression of both genes was increased by BTH treatment.
While PAL1 expression was further increased by water infiltration into primed plants, expres-
sion of WRKY29 did not change substantially upon water infiltration in these plants. Overall,
the general transcription pattern of PAL1 and WRKY29 was similar for mpk17 and wild-type
plants. Due to the results of the Southern blot analysis (see below), no further transcriptional
measurements were performed. To test, whether overexpression of MPK11 might lead to al-
terations of defense responses, mpk11 plants carrying MPK11 overexpression constructs under
the control of the cauliflower mosaic virus 35S-promoter (mpk11/35S::MPK11) were created.
The general phenotype of these overexpression plants was similar to wild-type plants (data
not shown). Analysis of MPK11 transcription levels in six overexpression plants revealed a
strong MPK11 expression regardless of plant treatment (Figure 3.9). Furthermore, priming
of MPK11 as seen in Col-0 wild type, was absent in the MPK11 overexpression plants (Fig-
ure 3.9). Although expression of MPK11 did differ between the six analyzed plants, leading
to the high standard deviation, a clear increase of MPK11 transcripts was detected, demon-
strating the activity of the transformed construct. The maximum MPK11 transcript level in
the overexpression mutants was not increased substantially over the maximum level found in
Col-0. Although a strong induction of MPK11 was seen in the MPK11 overexpression plants
irrespective of the plant treatment, no significant effect on PR1 or WRKY29 expression was
found (Figure 3.9). The expression levels of PR1 and WRKY29 did differ among the six an-
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Figure 3.10. Analysis of protein phosphorylation after priming
(A and B) Seven-day-old A. thaliana seedling in liquid culture were primed with SA (+) or left
untreated (-). Challenge inoculation was done with 50 nM flg22 three days after addition of SA.
Seedlings were harvested at varying time points (A) or after 15 min (B). Total proteins were extracted
from each sample and analyzed for dual phosphorylation of the TEY motif by immunodetection. The
membrane was stained with Ponceau S to asses equal loading of the gel.
alyzed MPK11 overexpression plants, causing high deviation of values, but did not correlate
with the expression of MPK11. Due to the strong plant-to-plant differences in gene expression,
no further gene expression data was evaluated.
Analysis of protein phosphorylation
Previous work by Beckers et al. [2009] revealed, that priming of A. thaliana plants leads to
increased levels of inactive MPK3 and MPK6 protein in the cells. These inactive kinases be-
come activated upon a secondary stimulus, for example upon water infiltration thus leading
to an enhanced defense response [Beckers et al., 2009]. On the transcriptional level, a small
increase in MPK6 expression was detected for the mpk11 mutant, indicating a possible com-
pensational effect. To test whether this increased transcription of MPK6 in mpk11 background
can be seen on the protein level, protein phosphorylation assays were performed. Therefore,
A. thaliana seedlings grown in liquid media were used. This system has the advantage of fast
plant growth, as well as easy and homogeneous priming and elicitation by pipetting the re-
spective substances into the medium. Priming was done through application of SA, and flg22
was used to elicit protein phosphorylation. The antibody used recognizes the phosphorylated
amino acid sequence pTEpY in the activation loop of human ERK1/2 MPKs [Payne et al.,
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1991]. When used against A. thaliana protein extracts, the antibody recognizes phosphory-
lated MPK6 and MPK3 (Figure 3.10 A), whereas the lowest band detected represents MPK4.
Beckers et al. [2009] showed that phosphorylation of the activation motif is in close correlation
with in-gel kinase activity of MPK3 and MPK6, making the antibody a useful tool to detect
active MPKs.
Dilution series of SA and flg22 yielded incubation with 300 µM SA for 72 h followed by the
addition of 50 nM flg22 as optimal parameters to detect protein phosphorylation. Additional
time course experiments were performed to find the optimal time point for harvest of the
plants. The onset of protein phosphorylation after flg22 treatment was fast, becoming visible
after about five minutes, with an obvious maximum after 10-15 minutes. After 30-60 minutes
the phosphorylation signal was no longer detected (Figure 3.10 A).
To test for a possible compensation effect, several mpk and mkk mutants were tested for al-
tered protein phosphorylation of MPK3, MPK4 and, MPK6 after flg22 treatment. A represen-
tative result for Col-0, mpk11 and mpk17 is shown in Figure 3.10 B. No phosphorylation signal
was visible in seedlings treated without flg22, irrespective of a previous treatment with SA.
Addition of flg22 led to phosphorylation of MPK3, 4 and 6 which occurred at the same time in
unprimed and primed plants, but was stronger for all three kinases in primed seedlings (Fig-
ure 3.10 B). In addition to mpk11 and mpk17, none of the other analyzed mkk and mpk mutants
exhibited significant alterations in the primed protein phosphorylation response compared to
the wild type nor did they show obvious compensational effects (data not shown).
Abiotic stress response of mpk11 and mpk17 plants
Results from our group, as well as published data [Janda et al., 1999; Senaratna et al., 2000;
Jakab et al., 2005], show an enhanced tolerance of primed plants against drought stress. Addi-
tionally, analysis of microarray data from drought stressed A. thaliana plants showed a strong
increase of MPK11 expression, and a slight increase in MPK17 expression by drought (Fig-
ure 3.2).
To elucidate the role of MPK11 and MPK17 in drought stress response under primed con-
ditions, several experiments were performed. Plants were grown under short-day conditions
and sprayed with 100 µM BTH three days before the onset of drought stress. The development
of drought symptoms until plant death was monitored by photographing the plants and by
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measuring the loss of plant material by weighting of the plant-containing trays. Although
mpk11 and mpk17 plants seemed to show a slightly enhanced resistance towards drought
stress, differences compared to wild-type plants were small and not obvious in every experi-
ment done (data not shown).
Because of their in-depth experience, a further drought stress experiment with mpk11,
mpk17, and wild-type plants was performed at Jülich Plant Phenotyping Center (JPPC). To
ensure a strong statistical confidence, a large-scale setup was chosen (Figure 2.3), with plants
being randomly placed per tray to reduce possible tray-to-tray variation. Additionally, the
trays were moved each day inside the growth chamber to reduce possible positional effects
by differences in light, humidity or temperature. On a daily basis, the leaf morphology was
measured with a camera system and the trays were weighed to ensure equal irrigation as
described by Jansen et al. [2009]. In addition, leaf temperature and photosynthetic parameters
were measured. In this experiment, plants under drought stress were watered again, after
the relative growth rate (RGR) dropped to 0 %, to evaluate the ability of the plants to recover
from drought. At the end of the experiment, fresh weight and dry weight of the plants were
measured.
The results of the experiment are illustrated in Figure 3.11. The logarithmic presentation of
leaf area versus time (Figure 3.11 A) showed a stronger difference in leaf area between mpk11,
mpk17, and wild-type plants at the beginning, compared to the end of the experiment. The
increase in leaf area over time, the reduction in growth after the onset of drought, and the
recovery after re-watering were similar among the three genotypes (Figure 3.11 A).
The analysis of RGR (Figure 3.11 B) gave further insights on plant behavior towards different
external stimuli. On day 25 after sowing, a subset of the plants was treated with 100 µM BTH.
This led to a strong decrease of RGR over the next two days which did recover afterwards.
Three days after BTH treatment, the irrigation was stopped for a subset of plants which
resulted in a drop in RGR to nearly 0 % over the next two weeks. After re-watering, all
plants were able to recover again as can be seen by the increase in RGR. Comparison of RGR
rates from mpk11 and mpk17 mutants with wild-type plants showed no significant differences,
neither in a time-specific manner nor in absolute values (Figure 3.11 B).
Figure 3.11 C to E illustrates the results from the fresh and dry weight measurements.
Both parameters were similar for all three genotypes tested, regardless of treatment, except
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Figure 3.11. Effect of drought stress on growth of mpk11 and mpk17.
(A) to (E) Plants were sprayed either with 100 µM BTH (+BTH), with wettable powder carrier (-BTH)
or left untreated (untr.) 25 days after sowing. Irrigation was stopped 3 days after BTH treatment for a
subset of plants (2.3). Plants under drought stress were watered again 40 days after sowing.
(A) Projected leaf area in logarithmic scale.
(B) Relative growth rate (RGR) is given as the size difference in percent between two measurements.
(C) Plant fresh weight was determined 45 days after sowing followed by determination of plant dry
weight (D) after 7 days at 60 ◦C.
(E) Dry / fresh weight ratio.
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for small differences in fresh and dry weight for the drought-stressed plants (Figure 3.11 C
and D). Furthermore, mutations of mpk11 and mpk17 seemed to have no effect on the plants
composition since the dry weight/fresh weight ratio appeared the same for mpk11, mpk17 and
the wild type (Figure 3.11 E).
Leaf temperature and photosynthetic activity were influenced by treatment with either BTH
or the wettable powder carrier alone, but these effects were similar for all three genotypes and
seem to have no effect on the drought-stress response (data not shown).
Analysis of mpk11 and mpk17 plant defense responses
In addition to abiotic stress, microarray data analysis showed an increased expression of
MPK11 and MPK17 after treatment with several biotic stress stimuli (Figure 3.2). In further ex-
periments (see below), both mutants were analyzed for alterations in defense response against
pathogenic bacteria (P. syringae), necrotrophic fungi (B. cinerea), and biotrophic oomycetes (H.
arabidopsidis). Additionally, the release of ROS and the production of callose in response to
flg22 treatment was analyzed.
Defense response of mpk11 and mpk17 against Pseudomonas bacteria
Pseudomonas syringae exists in over 40 pathovars, demonstrating a high degree of host plant
specificity [Katagiri et al., 2002]. Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) is the
causal agent of bacterial speck disease on tomato and Arabidopsis, and a useful tool to study
plant-pathogen interactions [Katagiri et al., 2002].
To test whether mpk11 and mpk17 plants exhibit an altered defense response against Pseu-
domonas, bacterial infection experiments were performed. Additionally, the effect of BTH-
induced priming and of pathogen-induced SAR against Pseudomonas was evaluated.
The results of the bacterial infection experiments are summarized in Figure 3.12. Prim-
ing of plant defense responses was done with 100 µM BTH. Three days later, plants were
dip-inoculated with virulent Pst DC3000 bacteria. Although wettable powder-treated mpk11
and mpk17 plants showed a slight increase of bacterial growth compared to wild-type plants,
BTH-induced priming did reduce bacterial growth in all three genotypes to similar levels
(Figure 3.12 A).
To test whether knockout of mpk11 or mpk17 has an effect on pathogen-induced SAR, three
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Figure 3.12. Priming for reduced growth of Pseudomonas
(A) 4-5-week-old A. thaliana plants were pretreated with wettable powder carrier (-) or 100 µM BTH.
Three days later, three leaves per plant were dipped in a Pst DC3000 solution (OD600 1.0) containing
0.01 % (v/v) Silwet L-77. Three days later, one leaf disc was harvested per inoculated leaf and the
bacterial titer (colony forming units) was calculated. The experiment was repeated 3 times with simi-
lar results. The values shown are the mean from 6 plants + SEM.
(B) 4-5-week-old A. thaliana plants were infiltrated with Psp avrB (OD600 0.02) in MgCl2, or MgCl2
alone, on three lower leaves with a syringe. Three days later, three upper leaves of each plant were in-
filtrated with Pst DC3000 solution (OD600 1.0). Three days later, one leaf disc was harvested per inoc-
ulated leaf and the bacterial titer (colony forming units) was calculated. The experiment was repeated
3 times with similar results. The values shown are the mean from 6 plants + SEM.
lower leaves of A. thaliana plants were infiltrated with Pst bacteria carrying the avirulence
factor Rpt2 followed by infiltration of three upper leaves with virulent Pst DC3000 three days
later. As shown in Figure 3.12 B, bacterial growth was reduced by the induction of SAR,
but did not differ substantially among the three genotypes. Primary infection with Psp avrB
followed by secondary infection with Pst DC3000 gave similar results.
Defense response of mpk11 and mpk17 against B. cinerea
Ren et al. [2008] and Han et al. [2010] reported an involvement of MPK3, MPK4, and MPK6
in defense response against the necrotrophic grey mould fungus B. cinerea. Microarray anal-
ysis of A. thaliana plants inoculated with B. cinerea showed that MPK3 and MPK6 are not
directly induced by B. cinerea, whereas a slight induction of MPK4 and MPK11 was observed
(Figure 3.2). In contrast to MPK11, MPK3 and MPK6 are constitutively active (Figure 3.2), re-
sulting in constitutive deposition of MPK3 and MPK6 protein [Beckers et al., 2009; Han et al.,
2010].
To elucidate a potential effect of mpk11 or mpk17 mutations on defense response against
necrotrophic pathogens, disease development of B. cinerea was analyzed on A. thaliana leaves.
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Figure 3.13. Effect of priming against Botrytis cinerea
(A) to (E) 4-5-week-old A. thaliana plants were soil drenched with 30 mg/mL BABA (+BABA) or with
water alone. Three days later, leaves were placed with their petiole in 0.8 % agar and 5 µL droplets
of a B. cinerea spore suspension (5× 105 spores/mL) were placed on both sides of the middle vein.
The plates were covered with transparent, wetted hoods to ensure high humidity. Fungal growth
was evaluated after 3 days by measuring the lesion size, either without (A and B) or with trypan blue
staining (C and F). Lesion sizes were measured electronically with Photoshop or Motic Images Plus.
(A) Mean of four individual experiments +SD with 118 measurements per treatment. (B) and (C)
Mean of 16 lesions per treatment in a single experiment comparing lesion diameter before (B) and
after trypan blue staining (C). Asterisks indicate significant difference between BABA treated samples
and respective controls according to Student’s t-test (n = 118, ** p < 0.001, * p < 0.01).
(D, E and F) qPCR-based quantification of fungal growth on non-primed plants. (D) Bars represent
amount of cutA DNA (for B. cinerea) and ASK DNA (for A. thaliana) per gram fresh weight, for six
leaves per genotype, four days after inoculation. (E) Mean of the six individual measurements +
SDM. (F) Images of the six leaves per genotype taken before DNA extraction.
(G) Growth of B. cinerea on A. thaliana leaves visualized by trypan blue staining.
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Fungal growth was determined by measuring lesion diameter on BTH-treated leaves, three
days after inoculation with B. cinerea [Zimmerli et al., 2001; Ferrari et al., 2003]. Priming for
enhanced defense against B. cinerea by BTH was shown in A. thaliana [Zimmerli et al., 2001]
but had no effect in tobacco [Friedrich et al., 1996], reflecting the divergence in resistance
pathways within plant species [Vicedo et al., 2009]. Unfortunately, treatment with BTH did
not yield clear results (data not shown).
Alternatively, priming was done with BABA soil drench, as described by Zimmerli et al.
[2001]. Gene expression analysis showed an increased expression of MPK11 and MPK17 after
BABA treatment (data not shown).
In a preliminary experiment, different methods of measuring lesion diameter were tested.
The results from this experiment showed a reduced fungal growth in untreated mpk11 and
mpk17 plants compared to wild-type plants (Figure 3.13B and C). In contrast, a significant
reduction of fungal growth by BABA treatment was only apparent for the wild type (Fig-
ure 3.13B and C). Lesion diameter was measured by photography (Figure 3.13 B) and com-
pared to trypan blue staining of the same leaves (Figure 3.13 C). Both methods yielding a
similar distribution of lesion diameters, although absolute lesion sizes were bigger when
measured in trypan blue stained samples. Consequently, fungal growth was evaluated by
measuring the lesion diameters by photography in further experiments.
Although several further experiments were performed, the preliminary results could not
be confirmed (Figure 3.13 A). In contrast, untreated plants from all three genotypes exhib-
ited similar fungal growth, and BABA-induced priming led to a similar enhanced, but never
complete, resistance against the fungus (Figure 3.13 A).
Evaluation of lesion diameter proved to be difficult sometimes, due to non-circular shapes
of the lesion and spread of the necrosis to the middle vain (Figure 3.13 G). In an approach to
circumvent these problems, a qPCR-based experiment to quantify fungal biomass was used.
Therefore, leaves were harvested at different time points after infection with B. cinerea, and
total DNA was extracted. In a qPCR-based protocol by Gachon and Saindrenan [2004], specific
primers for B. cinerea Cutinase A (CutA), and primers for A. thaliana α-Shaggy kinase (ASK) were
used to determine the amount of fungal and plant DNA. Quantification was performed with
standard curves of extracted total DNA of B. cinerea and A. thaliana . The amounts of ASK and
CutA DNA were divided by the leaf fresh weight and summed up to express total DNA per
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Figure 3.14. Priming against Hyaloperonospora arabidopsidis in A. thaliana
(A) and (B) 2-3-week-old A. thaliana seedlings were treated with wettable powder carrier (-) or 100 µM
BTH. Three days later, seedlings were sprayed with a conidiospore solution of H. arabidopsidis (isolate
Noco). Pathogen development was assessed seven days after inoculation by mixing 100 mg of leaves
with 1 mL water and counting the amount of released conidiospores in 10 µL aliquots.
(A) Means of five individual experiments + SEM. Letters indicate groups of similar means according
to ANOVA test (n = 46, p < 0.05).
(B) Representative images from 3-week-old A. thaliana seedlings taken seven days after inoculation
with H. arabidopsidis.
gram fresh weight.
Figure 3.13 D to F summarize the results acquired four days after inoculation with B. cinerea.
The bars indicate the amount of CutA or ASK DNA on the total DNA per gram fresh weight
extracted from the infected leaves, and are given for the individual leaves in (D). Comparison
of the resulting values with the leaf phenotype showed a correlation between the measured
amount of CutA DNA and the spread of the fungus for most of the leaves (D and F). The re-
sults from the separate measurements were averaged in Figure 3.13 E, indicating no significant
differences of fungal development between the three genotypes as seen before in Figure 3.13
A. In summary, the qPCR-based approach appeared to be suitable to evaluate the develop-
ment of B. cinerea on A. thaliana leaves, although its application is restricted to a small amount
of samples and it is highly time-consuming compared to lesion measurement by photography.
Overall, no significant impact of mpk11 and mpk17 knockout was found for the response of
A. thaliana against B. cinerea.
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Response of mpk11 and mpk17 plants against H. arabidopsidis
Hyaloperonospora arabidopsidis (formerly Hyaloperonospora parasitica, formerly Peronospora para-
sitica) is a obligate biotrophic oomycete that causes downy mildew infections on A. thaliana
[Koch and Slusarenko, 1990; Slusarenko and Schlaich, 2003; Coates and Beynon, 2010]. Prim-
ing of A. thaliana with BTH or SA [Lawton et al., 1996; Ton et al., 2002] and BABA [Zimmerli
et al., 2000; Ton et al., 2005], were shown to decrease the susceptibility of A. thaliana against
H. arabidopsidis.
In this study, A. thaliana seedlings were primed with BTH three days prior to spray inocu-
lation with virulent H. arabidopsidis isolate Noco conidiospores. Growth of the oomycete was
evaluated after seven days by counting the released conidiospores as described by Schmitz
et al. [2010].
Although visual differences between infection symptoms on the three genotypes were dif-
ficult to observe (Figure 3.14 B), evaluation of conidiospore numbers (Figure 3.14 A) revealed
a higher susceptibility of non-primed mpk11 and mpk17 plants against H. arabidopsidis com-
pared to wild-type plants. Priming with BTH did reduce the susceptibility of all three geno-
types although to different extends, with the strongest enhancement of resistance against the
oomycete seen in mpk11 plants.
Release of reactive oxygen species
A typical plant defense response is the production of reactive oxygen species (ROS). Their
production was induced by addition of flg22 to A. thaliana leaf discs and measured in real
time with a luminol-based assay as described by Gómez-Gómez et al. [1999]. Several different
mutants were analyzed for their ability to release ROS upon elicitation with flg22.
Preliminary experiments (Figure 3.15 A) showed a strong increase of ROS production after
BTH-induced priming. Unfortunately, these differences could not be reproduced in further
experiments (Figure 3.15 B to E). Both mpk11 (D) and mpk17 plants (E) showed similar levels
of ROS production compared to wild-type plants (C), while BTH-induced priming did not
alter the response in all three genotypes. Figure 3.15 B includes the control measurements of
Ws-0, an ecotype insensitive to flg22 [Gómez-Gómez et al., 1999] and rbohD, a mutant largely
impaired in ROS production [Sagi and Fluhr, 2006]. As expected, Ws-0 and rbohD did not
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show release of ROS.
Quantification of callose
Apart from the release of ROS, another prominent defense reaction of plants against various
pathogens (including H. arabidopsidis) is the production of callose-containing papillae. It was
therefore interesting to know, whether alterations in callose depositions are responsible for
the enhanced susceptibility of mpk11 and mpk17 against H. arabidopsidis.
Callose is a homopolymer made up of β-1,3-linked glucose residues with some β-1,6-
branches [Chen and Kim, 2009]. Callose depositions can be visualized microscopically using
aniline blue staining [Currier and Strugger, 1956; Gómez-Gómez et al., 1999]. Aniline blue
contains the fluorochrome Sirofluor, that complexes preferentially with β-1,3-glucans, giving
a brilliant yellow fluorescence [Evans and Hoyne, 1982; Stone et al., 1984]. Microscopical
analysis of flg22 infiltrated A. thaliana leaves, as described by Gómez-Gómez et al. [1999],
was tested, but did not yield clear results due to the low amount of fluorescent depositions
following flg22 infiltration.
Consequently, a more quantitative approach was used to detect differences in callose de-
positions after BTH treatment. Therefore, fluorescence of extracted callose from A. thaliana
leaves induced by infiltration of varying concentrations of flg22 was measured according to
a modified protocol by Kohler et al. [2000]. Additionally, the effect of BTH-induced priming
on callose depositions was analyzed. For the quantification of extracted callose, the β-1-3
glucan pachyman was used as a standard. The fluorescence of a dilution series of pachyman
(0 mg to 500 mg) was measured and subsequent fluorescence readings from callose extractions
were given as pachyman equivalents per gram fresh weight.
Representative results from two callose extraction experiments are summarized in Fig-
ure 3.16. Negative numbers are the result of the two step measurement. For each sample
the difference between a measurement with Sirofluor-containing aniline blue (to quantify cal-
lose) and without aniline blue (for autofluorescence) was performed. Additionally, values
below 10 mg PE per gram fresh weight were at the detection minimum of the fluorometer.
Treatment with BTH without infiltration of flg22 led to an increase of callose depositions com-
pared to samples treated with the wettable powder carrier alone (-BTH). At low concentrations
of injected flg22 (5 nM to 50 nM), more callose was extracted in BTH-treated plants compared
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Figure 3.15. Analysis of oxidative burst
(A) to (E) 4-5-week-old A. thaliana plants were sprayed with wettable powder carrier (-) or 100 µM
BTH. Three days later, leaf discs were harvested and floated on water overnight. Five leaf discs were
dried quickly on tissue paper and placed in a reaction tube. Reaction mixture and 50 nM flg22 were
added and the emission of light (relative light units per second, RLU/s) due to ROS activity was
measured in a luminometer over 15 min. Data show mean + SEM of three individual experiments
with five samples per treatment. (A) Preliminary result from a single experiment with mpk11. (B)
Combination of results from Col-0, mpk11, mpk17 together with the controls Ws-0 (lacking the FLS-2
receptor) and rbohD (impaired in ROS production). SEM were omitted for better visibility. (C) to (E)
Results from Col-0 (C), mpk11 (D) and mpk17 (E).
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Figure 3.16. Analysis of callose deposition induced by flg22
4-5-week-old A. thaliana plants were sprayed with wettable powder carrier (-) or 100 µM BTH. Three
days later, three leaves per plant were infiltrated with water (-) or different concentrations of flg22.
After 24 h, callose was extracted from homogenized leaf material and quantified in a fluorometer (see
2.2.24). For each sample, extracted fluorescence was measured in the absence and presence of aniline
blue. The amount of fluorescence from the sample without aniline blue corresponds to the autofluo-
rescence of the sample and was subtracted from the respective value from the measurement with ani-
line blue. The amount of fluorescence was standardized to the fluorescence of dilution series of the
β-1-3 glucan pachyman (pachyman equivalent, PE). Results are given as mean of two independent
experiments + SEM.
to BTH-untreated ones. This difference was no longer observable at 500 nM flg22. A similar
pattern of callose production was seen for all three genotypes.
Analysis of T-DNA insertion copy numbers
The varying leaf morphology observed in mpk17 plants could result from either alternative
splicing or from the insertion of more than one T-DNA in the genome. According to Tzfira
et al. [2004] and Buck et al. [2009], the amount of co-transformation events is dependent on
the type of T-DNA and the T-DNA transformation method. Additionally, the SALK institute
(http://signal.salk.edu/tdna_FAQs.html) claims that 50 % of the SALK T-DNA lines contain
a single T-DNA insertion, whereas the other 50 % contain two or more integrated T-DNAs.
According to Tzfira et al. [2004], multiple integrations can either happen as repeats in the
same gene or in different genes across the whole genome.
To exclude the possibility of secondary T-DNA integrations, mpk11 and mpk17 plants were
analyzed with T-DNA-specific probes via Southern hybridization. For SALK T-DNA lines,
no sequence information for specific probes was available. Consequently, three probes were
3. Results 65
1 kb mpk11mpk17wtmpk17 mpk11wtmpk17
1 = EcoRI; 2 = HindIII
Blot#3 Probe #3 Blot#3 Probe #1
wt mpk11100 bp
A B C
Restriction Enzyme: 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
500 bp
1000 bp
2000 bp
Figure 3.17. Analysis of T-DNA integrations of mpk11 and mpk17
(A) Digested genomic DNA of wild type, mpk17 and mpk11 run on an 0.8 % agarose gel in TAE buffer
for 2.5 h at 80 V. Total genomic DNA was digested with EcoRI (1) or HindIII (2).
(B) and (C) Immunodetection with HRP-coupled anti-DIG antibody of DIG-labeled probes recogniz-
ing SALK TDNA insertions (2.2.15). DNA from (A) blotted on nylon membrane and detected with
probe # 1 (B) after 30 min at RT on x-ray film. (C) Membrane from (B) striped and reprobed with
probe #3 harboring an internal HindIII restriction site (2.2.15.4).
Repetition of the experiment showed a similar result.
designed that cover sequences close to the right (RB) and the left border (LB) of the integrated
T-DNA (Figure 2.1). Specificity of the probes was confirmed with PCR on a known SALK
T-DNA insertional mutant (data not shown). Probes were labeled with DIG, which possesses
high specificity and is less hazardous than radioactively labeled material.
DNA was extracted with the CTAB-based protocol from wild type, mpk11 and mpk17 plants,
and digested with either EcoRI or HindIII restriction enzymes. Digested DNA was separated
on agarose gel and visualized with EtBr (Figure 3.17 A). Total digestion is seen by the ap-
pearance of a homogenous smear in each lane, while the few remaining bands likely repre-
sent highly repetitive DNA sequences. Following agarose gel separation, digested DNA was
transferred onto a nitrocellulose membrane by capillary transfer. Subsequently, the appropri-
ate probes were hybridized to the specific T-DNA sequences and visualized immunologically
with a specific antibody.
Figure 3.17 B and C shows a representative result from a Southern hybridization experi-
ment. The lanes containing wild type DNA showed no visible bands, whereas a single band
was visible in lanes containing mpk11 DNA. By contrast, in lanes containing mpk17 DNA, four
to eight bands were visible, demonstrating the possible insertion of more than one T-DNA in
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Figure 3.18. hiTAIL PCR for identification of T-DNA flanking sequences
DNA from A. thaliana Col-0, mpk11, and mpk17 was extracted with CTAB protocol (2.2.4.3). Pre-
amplification, primary and secondary hiTAIL PCR were performed (2.2.7.4). Image shows separation
of PCR products from secondary hiTAIL PCR on an 0.8 % agarose gel after ethidium bromide stain-
ing. Numbers indicate primer combination used in pre amplification PCR (1 = Lb0 + LAD1-1, 2 = Lb0
+ LAD1-2, 3 = Lb0 + LAD1-3, 4 = Lb0 + LAD1-4). M1 was 100 bp marker and M2 was 1 kb marker
(both from Fermentas). The nested primer pair AC1 + Lbb1 was used in the secondary PCR. PCR
products were purified from the gel and send for custom sequencing.
the genome of this mpk17 line.
Determination of unknown T-DNA insertion sites
As a consequence of the Southern blot result, an attempt was made to identify the insertions
sites of the additional T-DNA(s). Because of its supposed simplicity, the hiTAIL PCR method
by Liu and Chen [2007] was chosen. This method uses mixtures of degenerate primers and
T-DNA-specific primers to create adaptor sites in T-DNA-flanking regions. In subsequent
PCR reactions, adaptor-specific primers and nested T-DNA-specific primers were used. The
sequences for the degenerate primers were taken from Liu and Chen [2007] and the SALK T-
DNA-specific primers were designed to fit the needed annealing temperatures and positions
of the hiTAIL protocol [Liu and Chen, 2007] (Figure 2.1).
A representative result of a secondary PCR reaction is given in Figure 3.18. Depending on
the primer combination used in the pre-amplification reaction, different amplification patterns
were observed. The amount of amplification products is clearly increased in lanes containing
mpk17 DNA compared to mpk11 and wild type DNA-containing lanes. The size of the am-
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plification products was reduced from primary to secondary PCR by the amount of distance
between the nested primers (data not shown), indicating specificity of the reaction. Notewor-
thy is the combination of Lb0 and LAD1-4 (lanes #4) which did yield the same PCR product
pattern in all three genotypes. Additionally, one amplification product did appear in primer
combination 1 in Col-0.
To identify the flanking genomic regions of the PCR products, several bands were cut off
the gel, column purified and sent for custom sequencing with the Lbb1 primer. Unfortu-
nately, although it was tried several times, none of the sequencing reactions did yield usable
chromatograms due to breakdown of sequencing reaction or double sequences. To identify
possible problems, the secondary PCR reaction was performed on the PCR products isolated
from the gel, which had been sent to sequencing. Agarose gel electrophoresis revealed a com-
plex banding pattern in each PCR reaction, which did in some cases resemble the pattern seen
in Figure 3.18. Consequently, this approach to identify the unknown sequences was no longer
followed.
Although the insertion positions could not be determined, the possibility of an integration
of further T-DNAs in other genes of the mpk17 line could not excluded, and thus, care should
be taken for the interpretation of results from this mpk17 line.
Subcellular Localization of MPK11 and MPK17 protein
Knowing the subcellular localization can help to unravel the function of a specific protein.
In a bioinformatic approach, ProtComp for plants (http://linux1.softberry.com) was used to
predict the localization of MPK11 and MPK17. This program normalizes the results from
several different databases and prediction methods and gives an integral score for the possible
localization. The scores for localization prediction of MPK11 and MPK17 are given in Table 3.2.
The highest total scores for both proteins were obtained for a possible nuclear localization,
being mainly result of homology analysis. A smaller total prediction score for MPK17 was
obtained for localization in the chloroplast. Additionally, neural network analysis did predict
localization in several other compartments for both proteins.
The prediction results from the bioinformatic approach yielded some first hints on the
possible localization of the proteins. A useful tool to analyze protein localization in vivo is
the transient expression of reporter constructs [Martin et al., 2009]. These experiments are
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Table 3.2. Bioinformatic prediction of MPK11 and MPK17 protein localization
Numbers are the scores given by ProtComp for plants protein (http://linux1.softberry.com) local-
ization prediction tool. LocDB: scores based on query protein’s homologies with proteins of known
localization. PotLocDB: scores based on homologies with proteins which locations are not experi-
mentally known but are assumed from strong theoretical evidence. Neural Nets: scores assigned by
neural networks. Pentamers are scores based on comparisons of pentamer distributions calculated
for QUERY and DB sequences. Integral are final scores that combine all above previous scores. The
scores are renormalized to have a sum of scores for all localizations equal 3 (Nnets), 5 (PotLocDB,
Pentamers) or 10 (LocDB, Integral).
Location LocDB PotLocDB Neural Nets Pentamers Integral
MPK11/MPK17 MPK11/MPK17 MPK11/MPK17 MPK11/MPK17 MPK11/MPK17
Nuclear 5.00/5.00 3.00/0.00 0.00/1.68 6.12/0.84 9.25/7,20
Plasma membr. 0.00/0.00 0.00/0.00 0.00/0.00 0.64/0.57 0.00/0.40
Extracellular 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00
Cytoplasmic 0.00/0.00 0.00/0.00 0.58/0.37 0.00/0.45 0.00/0.09
Mitochondrial 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.88 0.10/0.00
ER 0.00/0.00 0.00/0.00 0.00/0.01 0.00/0.11 0.15/0.00
Peroxisomal 0.00/0.00 0.00/0.00 1.58/0.52 0.00/0.00 0.00/0.00
Golgi 0.00/0.00 0.00/0.00 0.11/0.11 0.00/0.38 0.00/0.18
Chloroplast 0.00/0.00 0.00/0.00 0.73/0.00 0.00/1.65 0.00/1.99
Vacuolar 0.00/0.00 0.00/0.00 0.00/0.32 0.00/0.21 0.50/0.13
commonly performed in N. benthamiana due to the ease of infiltrating agrobacteria into this
plant [Goodin et al., 2008]. To gather information about the localization of MPK11 and MPK17
in vivo, GFP and GUS reporter constructs for MPK11 and MPK17 were made and transformed
transiently into N. benthamiana. Figure 3.19 summarizes the intracellular location results of
MPK11 protein transiently expressed in Nicotiana benthamiana. The GFP fluorescence is visible
in green and seems to occur mainly in the nucleus (A) and either membrane-bound or in the
cytoplasm (A to E). No overlap of GFP fluorescence and autofluorescence from cell death was
observed indicating a specific GFP signal (E).
Due to the usually very large vacuole in leaf epidermal cells, the fluorescence detected at the
cell periphery can either represent the plasma membrane, the vacuolar membrane (tonoplast),
or the cytoplasm between those two membranes [Speth et al., 2009]. Plasmolysis of leaf cells is
a suitable way to distinguish more precisely between those possibilities. Therefore, leaf discs
from transiently transformed N. benthamiana were vacuum-infiltrated with 1 M CaCl2 and the
progress of membrane retraction was monitored.
Figure 3.19 (C) and (D) were taken several minutes after infiltration of 1 M CaCl2. The
retraction of the plasma membrane due to the osmotic shock can be seen in the bright field
part of the composed images. The GFP fluorescence did colocalize with the plasma membrane.
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Figure 3.19. Subcellular localization of MPK11 fusion proteins
(A) to (D) Single focal plane confocal laser scanning microscopy images of C-terminal GFP-tagged
MPK11 protein transiently expressed in N. benthamiana (A 20 x objective, B to D 65 x water-immersion
objective). GFP fluorescence (green) was excited with an argon ion laser at 488 nm and visualized
through a 450 nm to 490 nm bandpass filter. Chlorophyll autofluorescence is seen in red. Images of
GFP signal and autofluorescence signal were fused with bright field image to visualize cellular struc-
tures.
(A) Image of leaf epidermal cells. (B) Image of leaf mesophyll cells. (C) and (D) Plasmolysis in leaf
epidermal cells. (E) Non-confocal overlay image of C-terminal GFP-tagged MPK11 protein transiently
expressed in N. benthamiana mesophyll cells from two separate images. GFP fluorescence (green)
recorded through 450 nm to 490 nm bandpass filter and autofluorescence (red) recorded through
515 nm to 560 nm bandpass filter.
Furthermore, so-called “Hechtian strands” were visible. These structures are indicative for
localization in the plasma membrane [Oparka, 1994; Speth et al., 2009]. Additionally, the
localization of chloroplasts (red autofluorescence) on the inside of the GFP fluorescence further
supports a localization of the protein in the plasma membrane Figure 3.19 (B) to (D).
In summary, MPK11 localization was predicted mainly in the nucleus and, to a lesser de-
gree, in the vacuole, mitochondria and endoplasmatic reticulum. In vivo localization analysis
of GFP::MPK11 fusion proteins transiently expressed in N. benthamiana showed GFP fluo-
rescence in the nucleus and predominantly in the plasma membrane. As discussed later,
localization in the vacuole and the tonoplast could not be excluded completely.
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Figure 3.20. Subcellular localization of MPK17 protein
(A) to (D) Single focal plane confocal laser scanning microscopy images of C-terminal GFP-tagged
MPK17 protein transiently expressed in N. benthamiana (A 20 x objective, B to D 65 x water-immersion
objective). GFP fluorescence (green) was excited with an argon ion laser at 488 nm and visualized
through a 450 nm to 490 nm bandpass filter. Chlorophyll autofluorescence is seen in red. Images of
GFP signal and autofluorescence signal were fused with bright field image to visualize cell structures.
(A to B) Image of leaf epidermal cells. (C) Plasmolysis in leaf epidermal cells. (D) Image of leaf
mesophyll cells. (E) Non-confocal overlay image of C-terminal GFP-tagged MPK17 protein tran-
siently expressed in N. benthamiana. mesophyll cells from two separate images. GFP fluorescence
(green) recorded through 450 nm to 490 nm bandpass filter and autofluorescence (red) recorded
through 515 nm to 560 nm bandpass filter. (F) Image of A. thaliana mpk17 plant expressing a
MPK17promoter::GUS fusion product after vacuum infiltration of X-Gluc. Enzymatic reaction prod-
ucts are visible in blue.
Figure 3.20 (A) to (E) summarizes the localization pattern of the GFP::MPK17 protein, tran-
siently expressed in N. benthamiana. GFP fluorescence (green) was detected in the nucleus
(C and E) and colocalized with the membranes. Plasmolysis treatments were performed and
revealed Hechtian strands several minutes after osmotic shock, indicating localization of the
fusion protein in the plasma membrane. Furthermore, the fusion protein seemed to localize
in the chloroplasts as GFP fluorescence did colocalize with the chlorophyll autofluorescence
in mesophyll cells (in yellow D).
Figure 3.20 (F) shows a GUS-stained A. thaliana plant stably expressing a fusion construct
of the MPK17 promoter and β-glucuronidase. The blue color of the GUS/β-glucuronidase
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Table 3.3. MPK11 and MPK17 interaction partners
from IntAct database (http://www.ebi.ac.uk/intact/)
Interaction partner A Interaction partner B AGI Interaction type publication
MPK11 MKK1 At4g26070 Y2H, prot. kinase assay [Lee et al., 2008]
MPK11 MKK2 At4g29810 Y2H, prot. kinase assay [Lee et al., 2008]
MPK11 MKK6 At5g56580 Y2H [Lee et al., 2008]
MPK17 MKK9 At1g73500 Y2H [Lee et al., 2008]
MPK17 MKK10 At1g32320 Y2H [Lee et al., 2008]
reaction product is detected, although only weakly, throughout leaves and root, indicating
promoter activity in leaf and root tissues.
Analysis of MPK11 and MPK17 interaction partners and coexpressed genes
To access more information on the potential function of MPK11 and MPK17, further bioinfor-
matic resources were analyzed. A scan of the IntAct database [Aranda et al., 2010] revealed
a few interaction partners from the MKK tier for MPK11 and MPK17 (Table 3.3). Data from
IntAct is derived from literature curation or direct user submission and resembles actual ex-
perimental data.
Other online tools such as STRING [Jensen et al., 2009] offer identification of interaction
partners with prediction algorithms. These are based on criteria like homology, coexpression,
and cooccurence, as well as experimental results, and textmining. Results from STRING anal-
ysis did resemble mainly the results gathered from coexpression analysis (see below), since
no further data on MPK11 and MPK17 was published.
In addition to potential interaction partners, coexpression analysis can give hints on pos-
sible functions of a certain gene or protein. Several databases exist for coexpression anal-
ysis in A. thaliana, such as Genevestigator [Hruz et al., 2008], STRING [Jensen et al., 2009]
, ACT [Manfield et al., 2006], ATTED-II [Obayashi et al., 2007], BAR [Toufighi et al., 2005]
and CSB.DB [Steinhauser et al., 2004]. Since all databases use different algorithms, results
from each database may vary between each other [Usadel et al., 2009]. Figure 3.21 summa-
rizes the results from coexpression analysis done with the ACT database [Manfield et al.,
2006]. The 50 most coexpressed genes with MPK11 (Table A.3) and MPK17 (Table A.4)
were analyzed for their gene ontology (GO) term distribution with the TAIR GO annota-
3. Results 72
 other cellular processes  other metabolic processes  unknown biological processes
 protein metabolism  transport  response to stress
 developmental processes  response to abiotic or biotic stimulus  other biological processes
 signal transduction  cell organization and biogenesis  DNA or RNA metabolism
 electron transport or energy pathways
 unknown molecular functions  other binding  other enzyme activity  hydrolase activity
 transferase activity  DNA or RNA binding  protein binding  kinase activity
 nucleotide binding  transporter activity  transcription factor activity  nucleic acid binding
 other molecular functions  structural molecule activity  receptor binding or activity
 unknown cellular components  other intracellular components  other cytoplasmic components  other cellular components
 other membranes  chloroplast  nucleus  plasma membrane
 cytosol  plastid  mitochondria  ribosome
 cell wall  extracellular  ER  Golgi apparatus
MPK11 MPK17Col‐0A
B
C
Figure 3.21. GO term distribution of genes coexpressed with MPK11 and MPK17
GO slim term annotation of cellular localization (A), molecular function (B), and biological process
(C) of the 50 most coexpressed genes of MPK11 (Table A.3) and MPK17 (Table A.4) and for the total
genome of accession Col-0. Coexpression data taken from ACT database and analyzed for GO term
distribution with TAIR GO annotation tool. Figure legend is to be read line-wise from left to right.
tion tool (http://www.arabidopsis.org/tools/bulk/go/index.jsp) [Ashburner et al., 2000; Be-
rardini et al., 2004]. Most proteins coexpressed with either MPK11 or MPK17 are localized
intracellular, either membrane associated, in the cytoplasm or the nucleus (Figure 3.21 A). A
smaller proportion of the proteins was found in various organelles. The amount of proteins
localized in the cell wall was very low for MPK11 and MPK17.
The patterns for protein function of the proteins coexpressed with MPK11 and MPK17 are
quite similar (Figure 3.21 B). The main groups are kinases, transferases and proteins that
interact with nucleic acids, for example transcription factors.
A larger proportion of the analyzed proteins coexpressed with MPK11 respond to abi-
otic/biotic stimuli and stress compared to proteins coexpressed with MPK17 (Figure 3.21 C).
Frequencies for other molecular processes were similar for proteins coexpressed with MPK11
and MPK17.
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Figure 3.22. Developmental and organ-specific expression profile of MPK11 and MPK17
(A) Developmental expression profile generated with Genevestigator. (B) Organ- specific expression
profile generated with AtGenExpress. Crosses mark different microarray experiments.
To search for significantly enriched GO terms compared to the total distribution of terms
in the A. thaliana genome, the AmiGo GO term enrichment tool was used [Carbon et al.,
2009]. This tool revealed significant enrichment of terms describing response to stress stimuli
and other organisms/pathogens for MPK11 coexpressed genes (20 % to 50 % compared to
2 % to 15 % for the total genome). For MPK17, only the phosphoric diester hydrolase activity
term was significantly enriched.
Expression profile of MPK11 and MPK17
For the expression profile based on developmental stages, microarray data from Genevestiga-
tor was collected (Figure 3.22 A). For illustration of organ-specific gene expression of MPK11
and MPK17, data from AtGenExpress (http://www.weigelworld.org/resources/microarray/
AtGenExpress) was collected (Figure 3.22 A).
Data from both resources reveal the overall low expression value of MPK11 in total as well as
compared to MPK17. Expression of MPK11 increased from germination of the seedling until
the plants develop flowers. Afterwards, the expression level from MPK11 decreases. MPK11
expression seems to occur mainly in leaves and flowers of A. thaliana plants (Figure 3.22 B).
MPK17 expression is enhanced mainly during floral development, especially in mature and
germinated seeds (Figure 3.22 A), indicating a possible role for MPK17 in flower or seed
development. The organ-specific gene expression profile (Figure 3.22 B) shows a similar trend,
with an upregulation of MPK17 in floral organs and seeds, whereas MPK17 expression is on
a constantly lower level in the rest of the plant organs.
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4. Discussion
Priming of defense responses to cope faster and more efficiently with biotic and abiotic stress
stimuli is a well known phenomenon, and is associated with the establishment of SAR and
other forms of IR [Group et al., 2006; Conrath, 2011]. Two breakthrough publications recently
revealed key components for the molecular basis of priming [Beckers et al., 2009; Jaskiewicz
et al., 2011]. On the one hand, specific histone modifications in promoter sequences of defense
related genes can lead to a transcriptionally poised state, resulting in enhanced transcription
of the primed genes after a further stimuli [Jaskiewicz et al., 2011]. On the other hand, Beckers
et al. [2009] revealed the accumulation of inactive MPK3 and MPK6 upon priming by either
chemicals or bacterial infiltration. Due to the previously enhanced accumulation, more of
MPK3 and MPK6 are activated upon further stimuli, compared to unprimed plants. This
makes MPKs prime candidates for mediation of the priming signals [Beckers et al., 2009].
MPK11 as a prime candidate for signal transduction of priming
The aim of this work was to elucidate whether additional MPKs are involved in the transduc-
tion of the priming response. Therefore, a bioinformatic approach, searching for MPK genes
with enhanced transcription after BTH treatment, which is known to prime plants against
various biotic and abiotic stress [Friedrich et al., 1996; Lawton et al., 1996; Kohler et al., 2002],
was performed. From the 20 A. thaliana MPKs [GroupMAPK, 2002], MPK11 was induced
most strongly, compared to the other MPKs, by treatment with BTH, making MPK11 the
prime candidate for further research. In addition, according to further microarray data from
the Genevestigator database [Hruz et al., 2008], MPK11 transcripts are strongly induced upon
several biotic and abiotic stress treatments, suggesting a potential role of MPK11 in signal
transduction during stress response.
To analyze the effects of a disrupted mpk11 gene, T-DNA knockout lines were screened and
one homozygous knockout line (SALK_049352) was found. The growth phenotype of mpk11
was indistinguishable from wild-type plants. The same is true for mpk3 and mpk6 plants. In
addition to mpk11, all, at the time, available T-DNA lines for the remaining A. thaliana MPKs
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and MKKs were ordered and screened for homozygous T-DNA insertions and possible phe-
notypical abnormalities. Two of these lines, mkk6 and mpk17, exhibited morphological defects.
The homozygous T-DNA insertion in mkk6, also known as Arabidopsis NQK1 (ANQ1), led to
a severe dwarf phenotype, which has been reported by Soyano et al. [2003] as well. Takahashi
et al. [2010] revealed that MKK6 together with HINKEL kinesin, ANP MAPKKKs, and MPK4
is necessary for cytokinesis in A. thaliana, explaining the strong morphological defect of mkk6
plants. In contrast to the dwarf phenotype of mkk6, mpk17 plants exhibited a non-uniform
leaf phenotype, ranging from defects of all leaves to wild-type-like plants (Figure 3.6). Al-
though some plants were smaller than wild-type plants, none of them were as dwarfed as
mkk6. Because of its interesting phenotype, mpk17 was included into further studies.
Expression analysis of MPK11 and MPK17 in Col-0 background revealed, that both genes
can be primed by BTH and BABA. In contrast, expression of the three best-studied MPKs
MPK3, MPK4, and MPK6 was not induced by BTH-treatment or water infiltration (Figure 3.7).
The fold-change method of visualization does not reveal the basal expression levels. Analysis
of the raw expression data showed, that the basal expression level of MPK11 was ten-to-one-
hundred-fold lower than levels of MPK3, MPK4, MPK6 and MPK17. Taken together, this
might indicate, that MPK11, and to a lesser extend, MPK17, are inducible genes, that become
expressed in response to specific stress stimuli, in contrast to MPK3, MPK4, and MPK6, that
are constitutively expressed.
From the work of Beckers et al. [2009] it is known, that priming of gene expression of PR1
and PAL1, two marker genes for defense responses and IR [Ryals et al., 1996; Kohler et al.,
2002], was significantly reduced in mpk3 and mpk6 mutants compared to the wild type. For
mpk17, no effect on priming of PAL1 and WRKY29 was observed compared to the wild type.
On the other hand, the effect of mpk11 knockout on priming was not clear. Although priming
of gene expression was reduced or gone for some genes, the effect was by far not as obvious
as reported by Beckers et al. [2009] for mpk3 and mpk6.
In addition to priming of defense-related genes, Beckers et al. [2009] could show priming of
protein phosphorylation of MPK3 and 6 in BTH-treated plants after water infiltration. Similar
results were obtained in liquid culture-grown seedlings, primed with SA and treated with
flg22 as secondary stimulus (Figure 3.10). Additionally, priming of MPK4 could be shown
and a compensational effect was apparent for MPK3 and MPK6 in the respective mutants.
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A different effect is known for wounding-induced protein kinase (WIPK) and salicylic acid-
induced protein kinase (SIPK), the putative orthologs to MPK3 and MPK6 in tobacco [Zhang
and Klessig, 1998]. Liu et al. [2003] could show, that virus-induced gene silencing of SIPK
abolished the tobacco mosaic virus-induced accumulation of WIPK, showing that both kinases
are tightly linked to each other.
Experiments with mpk11 and mpk17 mutants revealed no significant change or compensa-
tional effect in the phosphorylation pattern of MPK3, 4, and 6 (Figure 3.10). This indicates,
that the slightly enhanced transcription of MPK6 in the mpk11 background does not result
in an observable increase in phosphorylated MPK6 protein. Furthermore, phosphorylation
of MPK11 and MPK17 proteins was not detected in the experiments with wild-type plants.
Results of Hua et al. [2006] indicate, that the TXY-antibody, that is used to detect the phos-
phorylation signals, can also detect phosphorylated MPK1, 2, 3, 4, 6, 8, 9, 11, and 18 in experi-
ments performed with AtMKK and AtMPK proteins coexpressed in tobacco. With MPK8 and
MPK18, two group D MPKs were included in this study by Hua et al. [2006], suggesting that
the antibody can also detect MPKs with a TDY motif in their activation loop. As MPK17 was
not tested in this experiment, it remains unclear if the TXY-antibody can detect the phospho-
rylated MPK17 protein. Moreover, phosphorylation of MPK11 might be masked by the MPK4
protein, due to the mass for both proteins being nearly identical, therefore making separation
of both proteins on SDS gels difficult. Possibly, alterations in protein gel buffers or polyacry-
lamide concentrations could solve the separation problem. Furthermore, it could be possible,
that the MPK11 protein is much less abundant, and therefore, difficult to detect.
Stress response of mpk11 and mpk17 plants
In conjunction with the proteomic and transcriptomic measurements, experiments concerning
the response of mpk11 and mpk17 mutants towards abiotic and biotic stress were performed.
Microarray data from several sources indicated a strong upregulation of gene expression,
especially of the MPK11 gene, by several stress stimuli (Figure 3.2).
As an example of abiotic stress, the ability of the mutants to cope with drought stress was
analyzed. Although expression of MPK11 and MPK17 is induced during drought, mpk11 and
mpk17 plants did not exhibit an altered basal response upon drought compared to the wild
type. In our lab, priming with BTH did result in a slightly enhanced ability of mpk11 and
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mpk17 plants to cope with drought. These results could not be reproduced in the experiment
performed at the JPPC. A possible explanation might be the different experimental setup.
In the experiments performed at our lab, the plants remained under drought stress until
they died, whereas the drought stressed plants in the JPPC experiment were re-watered after
their RGR reached 0 %. Looking at the RGR rates (Figure 3.11), two substantial reductions
were visible. One is the result of the BTH-treatment, that led to a noticeable reduction of
growth over three days, followed by recovery of the BTH-treated plants. This effect was also
reported by van Hulten et al. [2006], who could show an even more severe growth reduction
depending of the dose of BTH or BABA. The second reduction in RGR is seen after the stop of
irrigation. Although this reduction in RGR was expected for the drought stressed plants (red
lines), a reduction in RGR was also seen for the watered plants (blue lines), possibly due to
inadvertently reduced watering during those days. Taken together, mpk11 and mpk17 plants
seem not to be altered in their basal and primed drought stress response.
The ability of mpk11 and mpk17 mutants to cope with biotic stress was tested with three
different groups of pathogens. Beckers et al. [2009] reported, that priming against virulent P.
syringae bacteria is reduced strongly in mpk3, and to a lesser degree in mpk6 plants, whereas
no effect on basal resistance was observed. Contrary, neither primed (by BTH or avirulent
bacteria) nor basal defense against virulent P. syringae DC3000 bacteria was affected in mpk11
and mpk17 (Figure 3.12).
BABA-induced defense against the necrotrophic fungus B. cinerea was described before by
Zimmerli et al. [2001]. Furthermore, Ren et al. [2008] could show that MPK3 and MPK6 are
important for camalexin production in response to the fungus. Estimating the involvement
of MPK11 or MPK17 in defense against B. cinerea was hindered, because of the observed
variability in fungal growth. This was not reported by other groups [Zimmerli et al., 2001;
Ferrari et al., 2003], but they did work with mutants with a strong phenotype. Although
much bigger sample sizes were used compared to the aforementioned authors, the results
remained indistinct (Figure 3.13). Nevertheless, priming with BABA seemed to reduce fungal
growth for all three genotypes. To exclude that lesion diameter measurement masks small
differences, a qPCR based approach by Gachon and Saindrenan [2004] was tried. Results
indicated a good correlation between fungal DNA and visible lesion size, but did not reveal
significant differences in basal resistance against B. cinerea (Figure 3.13). In summary, MPK11
and MPK17 have, if at all, only a weak effect on the defense response of A. thaliana against B.
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cinerea.
As a third group of pathogens, H. arabidopsidis was used as an example for an obligate
biotrophic oomycete [Koch and Slusarenko, 1990; Slusarenko and Schlaich, 2003; Coates and
Beynon, 2010]. It is known that MPK6 [Menke et al., 2004] and MKK7 [Zhang et al., 2007b]
are involved in defense against this pathogen. Furthermore, priming of A. thaliana plants
with BTH/SA [Lawton et al., 1996; Ton et al., 2002] or BABA [Zimmerli et al., 2000; Ton
et al., 2005] is known to reduce conidiospore numbers of the oomycete. In line with these
publications, visual symptoms were reduced on wild-type plants and on both mutants after
BTH treatment (Figure 3.14). Counting of releases conidiospores, as described by Schmitz et al.
[2010], revealed a decreased basal resistance of mpk11 and mpk17 plants against the pathogen,
whereas priming with BTH was still efficient, although to different degrees (Figure 3.14). It can
not excluded completely, that the differences in basal resistance were archived by chance, since
the oomycete does not develop evenly on the seedlings, but care was taken to harvest several
randomized samples from each pot. Moreover, since the sample and experimental number
were reasonably high, knockdown of mpk11 and mpk17 likely has a slight but significant effect
on the basal resistance against H. arabidopsidis. The effects seen for mpk17 could also be due
to disruption of another gene, as discussed below. It remains to be seen, whether mpk11 or
mpk17 plants exhibit an altered response against incompatible strains of H. arabidopsidis.
Influence of mpk11 and mpk17 on priming of basal defense responses
The release of ROS during the oxidative burst upon pathogen infection is a well known de-
fense response with a wide range of functions [Levine et al., 1994; Alvarez et al., 1998]. Sev-
eral MPK cascade members are involved in the transmission of ROS signaling. In addition to
MKK3 [Dóczi et al., 2007], MPK3, and MPK6 [Nakagami et al., 2006; Lumbreras et al., 2010],
a cascade consisting of MEKK1, MKK1/2 and MPK4 is crucial for ROS signaling [Pitzschke
et al., 2009]. Whether MPK11 or MPK17 play a role in ROS release upon flg22 treatment
was analyzed in BTH-primed A. thaliana leaves as described by Gómez-Gómez et al. [1999].
Priming of ROS by either BTH or BABA in A. thaliana is not published by now, whereas Ahn
et al. [2007] reported thiamine-induced priming of ROS release in reaction to P. syringae. Pre-
liminary results showed an increased production of ROS in BTH-primed tissues (Figure 3.15).
Unfortunately, these results could not be reproduced in further experiments. Due to the vari-
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ation in ROS production between the samples, no clear results were obtained. Therefore it
remains unclear whether BTH can prime the primary oxidative burst, but it seems reasonable,
that neither knockout of mpk11 nor mpk17 has an effect on total ROS production in the oxida-
tive burst. The reported priming of ROS by Ahn et al. [2007] was detected microscopically
and was visible after 6 h to 12 h, so it could well be the result of further ROS release events
after pathogen treatment.
Deposition of callose is another common plant defense mechanism against a variety of
plant pathogens [Frye and Innes, 1998; Zimmerli et al., 2000]. Priming of callose deposition
was reported for treatment of A. thaliana with ABA [Flors et al., 2005], BABA [Zimmerli et al.,
2000], BTH [Kohler et al., 2002], and thiamine [Ahn et al., 2007]. In this study, priming of
callose was observed for BTH-treated leaves, infiltrated with low doses of flg22 (Figure 3.16).
With higher doses of flg22, BTH-induced priming did not lead to an increased amount of
callose depositions, showing a possible saturation of the system. Although the results did
vary, knockout of mpk11 or mpk17 did not result in reduction of basal callose deposition nor
to significant differences in BTH-induced priming of callose.
Subcellular localization of MPK11 and MPK17 protein
Knowledge of the subcellular localization of proteins can yield additional information on
their functions and is conveniently performed using intrinsically fluorescent proteins [Dixit
et al., 2006]. GFP fluorescence of 35S-promoter-driven GFP::MPK11 and GFP::MPK17 fu-
sion constructs transiently expressed in N. benthamiana, was found mainly in the nucleus and
membranes (Figure 3.19). No signals were found in C-terminally tagged fusion constructs,
underlining possible difficulties in fluorescent tagging of proteins [Dixit et al., 2006].
Plasmolysis experiments showed the so-called Hechtian strands, which are indicative for lo-
calization in the plasma membrane, but this finding can not completely exclude a localization
in the tonoplast [Oparka, 1994; Speth et al., 2009]. According to Speth et al. [2009], a cytoplas-
mic localization would be seen as small fluorescent specks, which were not found for both
proteins. In addition, MPK17 seemed to be localized in the chloroplast due to colocalization
of the GFP signal and the red autofluorescence of the chloroplasts. The nuclear localization
was predicted for both kinases, as well as the localization of MPK17 in the chloroplast (Ta-
ble 3.2). A localization in the plasma membrane was only predicted with a low score for
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MPK17, although it was found in vivo for both kinases. The reason therefore might be un-
specific localization signals for the plasma membrane, that make correct predictions difficult
[Emanuelsson and von Heijne, 2001; Li et al., 2006]. Li et al. [2006] also provide a database
for GFP-tagged A. thaliana proteins, but this did not include results for MPK11 and MPK17 at
present.
The localization results could be further solidified by coexpression of the tagged protein
together with different marker proteins that are specific for certain compartments or mem-
branes. A comprehensive selection of plant molecular markers was created by several groups
(for example Nelson et al. [2007] and Martin et al. [2009]), and should be used to elaborate the
exact subcellular localization. Additionally, although transient expression in N. benthamiana is
widely used [Martin et al., 2009], the localization of the proteins should also be analyzed in
stably transformed A. thaliana, especially in the mutant background.
Pitfalls when using T-DNA lines
T-DNA insertion lines are frequently used to study gene functions because comprehensive
libraries of integration lines that cover most genes are available. But care should be taken, since
T-DNA integration does not automatically lead to knockout of the respective gene [Krysan
et al., 1999], although for both lines used in this study, a complete knockout could be shown
(Figure 3.7 and 3.8). Furthermore, TDNA co-transformation events are frequent, which might
result in disruption of non-target genes [Tzfira et al., 2004; Buck et al., 2009]. Indeed, analysis
of T-DNA insertions via Southern hybridization revealed, that more than one T-DNA was
integrated in the MPK17 line (Figure 3.17). Unfortunately, the flanking sequences could not
be identified due to problems with sequencing of the hiTAIL-PCR products [Liu and Chen,
2007]. Therefore it is highly probable, that the defects in leaf morphology found in this mutant
are the result of disruption of one or several other genes. This is supported by mpk17 plants
which were complemented with 35S::MPK17 overexpression constructs and still exhibited
morphological defects.
Another common phenomenon in T-DNA lines are chromosomal translocations [Clark and
Krysan, 2010]. The authors detected up to 20 % of chromosomal translocation events in their
lines, partially leading to abnormal pollen viability. Since this group is working with MPKs,
MPK11 and MPK17 were included in their study. For mpk17 (SALK020801), no alterations
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were found, but for MPK11 (SALK049532) not only the normal position on chromosome I was
found, but additional parts of the T-DNA were found on chromosome IV. Furthermore, an
abnormal pollen viability phenotype was observed [Clark and Krysan, 2010]. Since translo-
cation events can disrupt non-target genes as well, the authors present a workflow to ensure
identification of translocation-carrying T-DNA lines.
Taken together, it became obvious that results for both mpk11 and mpk17 lines should be
interpreted with care due to the aforementioned problems. A way to circumvent those prob-
lems is the use of additional T-DNA lines for both kinases, but no further functional insertion
was found in the other available lines.
Bioinformatic analysis
In conjunction with the experiments, bioinformatic analysis of both kinases was performed, in-
cluding interaction partner search, coexpression analysis, expression profiling, and promoter
motif scan.
For MPK11, the interaction partners MKK1, MKK2 and MKK6 were found (Table 3.3), as
reported by several authors [Hua et al., 2006; Lee et al., 2008; Kosetsu et al., 2010], whereas
interaction of MPK17 with MKK9 and MKK10 was only reported by [Lee et al., 2008]. MKK1
and 2 are involved in tolerance against abiotic stimuli and in innate immunity [Teige et al.,
2004; Mészáros et al., 2006; Brader et al., 2007; Qiu et al., 2008b]. For MKK6, a role in cy-
tokinesis was defined quite recently and is discussed below [Takahashi et al., 2010; Kosetsu
et al., 2010; Zeng et al., 2011]. Yoo et al. [2008] reported the involvement of MKK9 in ethy-
lene signaling and Zhou et al. [2009] placed MKK9 together with MPK6 in the control of leaf
senescence.
Analysis of gene coexpression is a powerful tool to predict gene functions [Usadel et al.,
2009]. Therefore, a wide variety of online tools and databases exists to perform coexpres-
sion analysis (reviewed in Usadel et al. [2009]). The GO term distribution [Berardini et al.,
2004] from the top 50 list of coexpressed genes showed a strong emphasis on terms related
to stress signaling and response to abiotic and biotic stimuli for MPK11 (Figure 3.21 and
Table A.5). Furthermore, several promoter motifs related to plant defense [Sablowski et al.,
1994; Chakravarthy et al., 2003; Rushton et al., 2010] and abiotic stress signaling [Jin et al.,
2000; Abe et al., 2003] were predicted (Table 3.1), underlining a probable role of MPK11 in
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stress signaling.
For MPK17, expect for one term, no specific enrichment of GO terms was found (Table A.5),
although several genes connected with the development of flowers and seeds were found in
the top 50 list (Table A.4). A role for MPK17 in the regulation of developmental processes
is also supported by the gene expression profiles, since MPK17 expression is especially high
in floral organs and seeds (Figure 3.22). In addition, the MPK17 promoter contains several
sequence motifs associated with light responsiveness [Green et al., 1987; Chan et al., 2001],
drought resistance [Abe et al., 1997; Simpson et al., 2003], embryo development [Tang and
Perry, 2003], and auxin signaling [Ulmasov et al., 1999] (Table 3.1), leading to the conclusion
that MPK17 could be rather involved in certain developmental processes than in defense
reactions.
Outlook
Publicly available knowledge on MPK11 and MPK17 is sparse. In a recent paper, Nemoto
et al. [2011] performed a cell-free high-throughput autophosphorylation profiling of A. thaliana
protein kinases. Among the 759 analyzed kinases, MPK17 exhibited the strongest autophos-
phorylation of all kinases, whereas no significant autophosphorylation was measured for the
other MPKs (MPK11 was not included). This differs from mammalian MPKs, where autophos-
phorylation is frequently found and can increase the affinity of MKKs for MPKs [Her et al.,
1993; Pimienta and Pascual, 2007]. The effect of this autophosphorylation on the function of
MPK17 remains to be elucidated.
Two recent publications [Kosetsu et al., 2010; Zeng et al., 2011] included MPK11 as a side
note. Both papers analyzed the involvement of MPK4 in cytokinesis. MPK4 and MPK11 are
paralogs, sharing very high similarity at the protein level (Figure 3.5) and might therefore
be functionally redundant. In contrast, the phenotype of both mutants differs significantly
(Figure 3.6 and Kosetsu et al. [2010]), demonstrating that MPK11 can not compensate the
loss of mpk4. Furthermore, mpk11/mpk4-2 double mutants exhibited an even more severe
phenotype, than mpk4-2 alone, and were unable to develop inflorescences [Kosetsu et al.,
2010]. Moreover, crossings of mpk11 with mpk4-1, which is in Ler background [Petersen et al.,
2000], were not viable at all [Zeng et al., 2011]. These findings underline a potentially shared
role of both kinases, where MPK4 has a stronger influence. The phenotypical differences
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between mpk4 and mpk11 might also be the result of the different expression pattern of both
genes [Zeng et al., 2011]. The authors revealed that MPK4 transcripts are found throughout
the plant, whereas MPK11 transcripts had a much more restricted distribution. To exclude,
that the absence of MPK11 transcripts in certain tissues is responsible for the phenotype of
mpk4 plants, Zeng et al. [2011] used the MPK4 promoter to drive the MPK11 gene in mpk4
background. This approach could not rescue the phenotype of mpk4, indicating that MPK4
and MPK11 are not functionally equivalent [Zeng et al., 2011].
Taken together, Kosetsu et al. [2010] and Zeng et al. [2011] refined the results of Takahashi
et al. [2010], by revealing the involvement of a cascade consisting of TES/STUD/AtNACK2,
AtANPs, MKK6, and MPK4 in the regulation of male-specific meiotic cytokinesis. For MPK11,
a minor role is proposed by the authors.
Conclusion
In summary, during this work, an involvement of MPK17 in stress defense was not found.
Based upon bioinformatic information, MPK17 is rather proposed to be involved in develop-
mental signaling. Furthermore, loss of MPK11 seemed to have no significant impact on the
ability of A. thaliana to cope with several biotic and abiotic stress stimuli, with the exception
of the H. arabidopsidis interaction. Moreover, an influence on the priming response was not
found for mpk11.
MPK11 might work as a backup system for other kinases (MPK4 and maybe others), which
could explain its inducible mechanism and transcriptional response to various stress treat-
ments. For several MPKs and MKKs, redundant and diverging responses are known, de-
pending on the other members in the respective cascade and the applied signals (for review
see Rodriguez et al. [2010]). Therefore, the true involvement of MPK11 might become more
obvious in further double mutant analysis (for example mpk3/mpk11 or mpk6/mpk11). The
mpk3/mpk11 double mutant was created during this study, but to date, no double homozy-
gous plants were found, possibly due to a seedling lethality phenotype.
Overall it was seen, that unraveling the complex MPK network with its functional comple-
mentation and redundancy is not always possible with single knockouts alone.
Summary
Priming of defense for a stronger and faster response to abiotic and biotic stress is an im-
portant part of acquired immunity in plants and animals. Recent findings revealed the in-
volvement of the two mitogen-activated protein kinases MPK3 and MPK6 in the regulation of
priming in Arabidopsis thaliana. Since the A. thaliana genome encodes 20 MPKs, I wondered,
whether one or more of the other MPKs would be involved in priming. Bioinformatic analysis
revealed a strong transcriptional upregulation of MPK11 upon treatment with the priming-
inducing chemicals BTH, BABA, and salicylic acid, and upon several biotic and abiotic stress
stimuli. In addition, I performed a phenotypic screen of mpk mutants that revealed strong
morphological defects in mpk17 T-DNA knockout plants. To elucidate the potential role of
MPK11 and MPK17 in plant defense, I treated mpk11 and mpk17 mutants with various plant
pathogens and analyzed basal plant defense responses. Furthermore, I performed drought
stress experiments to investigate one abiotic stress response in mpk11 and mpk17 mutants. I
found that both mutants are not affected in their response against Pseudomonas syringae and
the necrotrophic fungus Botrytis cinerea, whereas I could reveal a slight reduction in basal
defense against the biotrophic oomycete Hyaloperonospora arabidopsidis. In addition, I showed
that both mutants are not affected in the production of reactive oxygen species or in deposition
of callose, two typical basal defense responses. Furthermore, by analysis of protein phospho-
rylation, I excluded a compensational effect of MPK3, MPK4, and MPK6, the major players
in plant defense signaling, for the loss of mpk11 and mpk17. In all experiments, I did not see
significant alterations in primed defense responses, suggesting that both kinases do, if at all,
only play a minor role in plant defense. According to bioinformatic analysis, I propose a role
for MPK17 in the regulation of developmental processes. Furthermore, I discuss a possible
role of MPK11 as a backup system for other kinases.
Zusammenfassung
Priming von Abwehrreaktionen zur schnelleren und stärkeren Antwort auf abiotischen und
biotischen Stress ist ein wichtiger Bestandteil des erworbenen Immunsystems in Pflanzen und
Tieren. Neuste Studien enthüllten die Bedeutung der Mitogen-aktivierten Protein Kinasen
MPK3 und MPK6 für die Regulation des Primings in Arabidopsis thaliana. Da das A. thalia-
na-Genom für 20 MPKs codiert, fragte ich mich, ob noch andere MPKs am Priming beteiligt
sind. Bioinformatische Analysen zeigten eine starke Bildung von MPK11 Transkripten nach
der Behandlung mit den Priming-induzierenden Chemikalien BTH, BABA und Salicylsäure.
Zusätzlich konnte eine starke Akkumulation von MPK11 Transkripten nach der Behandlung
mit verschiedenem biotischen und abiotischen Stress festgestellt werden. Weiterhin konnte
ich in einer phänotypischen Untersuchung von mpk Mutanten starke morphologische Defek-
te bei mpk17 T-DNA-Insertionspflanzen finden. Um eine mögliche Beteiligung von MPK11
und MPK17 an pflanzlichen Abwehrreaktionen zu analysieren, habe ich mpk11 und mpk17 T-
DNA Insertionsmutanten mit verschiedenen Pflanzenpathogenen behandelt sowie basale Ab-
wehrreaktionen untersucht. Weiterhin wurden Trockenstressexperimente durchgeführt, um
eine mögliche Beteiligung von MPK11 und MPK17 in der Reaktion auf abiotischen Stress
zu erkennen. Ich fand heraus, dass beide Mutanten keine veränderte Abwehrreaktion gegen
Pseudomonas syringae und gegen den necrotrophen Pilz Botrytis cinerea zeigen, wogegen ich
eine geringe Verringerung der basalen Abwehr gegen den biotrophen Oomycet Hyaloperonos-
pora arabidopsidis festellen konnte. Weiterhin konnte ich zeigen, dass beide Mutanten keine
Veränderungen in der Produktion von reaktiven Sauerstoffspezies und in der Bildung von
Callose, zwei typischen basalen Abwehrreaktionen, aufweisen. Außerdem konnte ich durch
Protein Phosphorylierungsanalysen einen kompensatorischen Effekt durch den Verlust von
mpk11 und mpk17 auf MPK3, MPK4 und MPK6, den am stärksten in pflanzlichen Abwehr-
mechanismen beteiligten MPKs, ausschließen. Schlußfolgernd vermute ich, dass MPK11 und
MPK17, wenn überhaupt, nur eine geringe Rolle in pflanzlichen Abwehrreaktionen spielen.
Nach der Analyse bioinformatischer Daten schlage ich einen möglichen Einfluß von MPK17
in entwicklungsspezifischen Prozessen vor. Weiterhin diskutiere ich eine mögliche Funktion
von MPK11 als “back-up” für andere MPKs.
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Table A.1. Abbreviations
Abbreviation Meaning
4-CL 4-coumarate-CoA-ligase
ABA abscisic acid
ABRC Arabidopsis Biological Resource Center
amp ampicillin
APS ammonium persulfate
ASK α-Shaggy kinase
At Arabidopsis thaliana
att attachment sites
avrB avirulence gene B
BAK1 BRI1-ASSOCIATED KINASE
BSA bovine serum albumin
BTH benzo-(1,2,3)-thiadiazole-7-carbothioic S-methyl ester
carb carbenicillin
cDNA copy DNA
cfu colony forming unit
CHS chalcone synthase
Col-0 Columbia-0 ecotype
CTR1 CONSTITUTIVE TRIPLE RESPONSE 1
CUT-A Cutinase A
D aspartic acid
DIG digoxigenin-11-2’-deoxy-uridine-5’-triphosphate
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
dpi days post inoculation
dsRNAi double-stranded RNA interference
DTT dithiothreitol
E glutamic acid
E.coli Escherichia coli
EDR1 ENHANCED DISEASE RESISTANCE 1
EDTA Ethylenediaminetetraacetic acid
ERK extracellular signal-regulated kinase
EtBr ethidium bromide
ETI effector-triggered immunity
ETS effector-triggered susceptibility
g gramm
g gravitational accelaration
GA gibberellic acid
gent genatamicin
GFP green fluorescent protein
Gh Gossypium hirsutum (cotton)
GO gene ontology
continued on next page
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Abbreviation Meaning
h hour
hpi hours post inoculation
HRP horseradish peroxidase
hyg hygromycin B
ICS isochorismate synthase
INA 2,6-dichloroisonicotinic acid
IR induced resistance
ISR induced systemic resistance
JA jasmonic acid
KAc potassium acetate
kan kanamycin
Kas-1 Kashmir-1 ecotype
KB King’s medium B
L liter
LB lysogeny broth
LPS lipopolysaccharide
LRR leucine-rich repeat
M molar (mol/L)
MAMPs microbial-associated molecular patterns
MAPK mitogen-activated protein kinase
MAPKK = MEK MAPK kinase
MAP3K = MEKK MAPKK kinase
MES 2-(N-morpholino)ethanesulfonic acid
meSA methyl salicylate
min minute
MKK mitogen-activated protein kinase kinase
MKS1 MAP kinase 4 substrate 1
MOPS 3-morpholinopropane-1-sulfonic acid
mRNA messenger RNA
MS Murashige and Skoog medium
NB nucleotide binding
NCI N-cyanomethyl-2-chloroisonicotinamide
NHR nonhost resistance
NIM1 non-inducible immunity
NO nitric oxide
NPR1 nonexpressor of PR genes
NTF nuclear transport factor
OD optical density
PAD3 PHYTOALEXIN DEFICIENT3
PAL phenylalanine ammonium lyase
PAMPs pathogen-associated molecular patterns
PAGE polyacrylamide gelelectrophoresis
PCR polymerase chain reaction
PDB potato dextrose broth
PE pachyman equivalent
PMSF phenylmethanesulfonylfluoride
PR pathogenesis-related
continued on next page
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Abbreviation Meaning
PRR pattern-recognition receptor
Psp Pseudomonas syringae pv. phaseolicola
Pst Pseudomonas syringae pv. tomato
PTGS post-transcriptional gene-silencing
PTI PAMP-triggered immunity
R gene resistance gene
rif rifampicin
RISC RNAi silencing complex
RLU relative light unit
RNA ribonucleic acid
RNAi RNA interference
ROS reactive oxygen species
rpm revolutions per minute
R protein resistance protein
RT room temperature
RT-qPCR quantitative real-time polymerase chain reaction
s second
S serine
SA salicylic acid
SAI1 salicylic acid-insensitive
SAR systemic acquired resistance
SDM standard deviation of the mean
SDS sodium dodecyl sulfate
SEM standard error of the mean
SID2 SALICYLIC-ACID-INDUCTION DEFICIENT2
SIPK salicylic acid-induced protein kinase
siRNA small interfering RNA
SSC sodium/sodium citrate buffer
T threonine
TAE TRIS/Acetate/EDTA buffer
TAIR The Arabidopsis Information Resource
TBS TRIS buffered saline
TBS-T TRIS buffered saline with Tween
T-DNA transfer DNA
TE TRIS-EDTA buffer
TEMED tetramethylethylenediamine
TF transcription factor
TRIS tris(hydroxy methyl)aminomethane
UV ultra violet
v/v volume per volume
vol volume
w/v weight per volume
WIPK wounding-induced protein kinase
X-Gluc 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid
Y tyrosine
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Table A.2. Oligonucleotide primers used in this study
Name 5’-3’ sequence
Gateway primer
MPK11GW Pr f GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAACTGCTGCTAGATCCGTATTATCG
MPK11GW Pr r-Stop GGGGACCACTTTGTACAAGAAAGCTGGGTCAAGATTCTGAATTGAACTAAC
MPK11GW Pr r-Stop+2 GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAGATTCTGAATTGAACTAAC
MPK11GW flg f GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCAATAGAGAAACCATTCTTCG
MPK11GW flg r+Stop GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAAGGGTTAAACTTGACTGAT
MPK11GW flg r-Stop GGGGACCACTTTGTACAAGAAAGCTGGGTCAGGGTTAAACTTGACTGATTCAC
MPK11GW flg r-Stop+2 GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGGGTTAAACTTGACTGATTCAC
MPK17GW Pr f GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAGGGCAAATGAGCCGTGTCTTCC
MPK17GW Pr r-Stop GGGGACCACTTTGTACAAGAAAGCTGGGTCCTTATTGATTTCTCACTGTTC
MPK17GW Pr r-Stop+2 GGGGACCACTTTGTACAAGAAAGCTGGGTATCCTTATTGATTTCTCACTGTTC
MPK17GW flg f GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTTGGAGAAAGAGTTTTTCAC
MPK17GW flg r+Stop GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATGACACTGCAGAGGAGAC
MPK17GW flg r-Stop GGGGACCACTTTGTACAAGAAAGCTGGGTCTGACACTGCAGAGGAGACACC
MPK17GW flg r-Stop+2 GGGGACCACTTTGTACAAGAAAGCTGGGTATCTGACACTGCAGAGGAGACACC
Genotyping primer
mkk1 140054c RP AATGATTCGCCTCTCATGATG
mkk1 140054c LP TGTTTTGTCGGTTTGATCTCC
mkk1 140054 for GCCATTGGACAACCAATTGAG
mkk1 140054 rev CCAATATGATTGAAACAAGACCG
mkk1-2 015914 RP TCCATTCAAACAATTTCAATTCC
mkk1-2 015914 LP AATTCAGAAAGCTTCGACACTG
mkk2 FLAG629G03 RP AAAAGGAAGAAGCGAAGAACG
mkk2 FLAG0629G03 GGAGTCAGGGATGGCTTTAAC
mkk3 051970 RP CTTCACCAACACCACCAAAAC
mkk3 051970 LP GTTTGTGGGGTTTTTCACATG
mkk4 058307 RP GAGGTTTCCTTTCCCTGTGAG
mkk4 058307 LP GCAACCAAAGGAACCTAAAGG
mkk4 069224 RP ACGACGTCTTTTCAACATTGG
mkk4 069224 LP TTCATCTGTTGGAACCATTGC
mkk4 142042 RP TTGTCAACAATGGAGCTTGAG
mkk4 142042 LP TGTATACCGTTCCACCTGCTC
mkk5 047797c RP TAGGGTTTGTTTGATTCGTCG
mkk5 047797c LP TAACCAGGCAACCATCTCAAG
mkk5 050700 RP GCTACCGGTGGTCCTAATCTC
mkk5 050700 LP ATACCCACAAAAGCGACAATG
mkk6 084332 LP CCTTAGCCCCTTTTGATTCAG
mkk6 084322 RP CTCTCGCCATTGCTGAGTAAC
mkk6 117230 RP CCATGGAGCTAGCAAGACTTG
mkk6 117230 LP CAAGAATCCCCAATCTCTTCC
mkk7 009430 LP GATTCTAGGTTTCCACCGTCC
mkk7 009430 RP CGATTCTGATAGGTAACACAAAGC
mkk7 152428c RP AACGCTTTTATAACGCCTTTG
mkk7 152428c LP TGCAGTAATCTAACGATCGGG
mkk7 for GCCAGGTTCCGGGTAAGTAGG
mkk7 rev GAACAGAGAGCGGTGGGACAG
mkk8 058723 RP CTTTTGTAGCGGGTATGATGG
mkk8 058723 LP AGCAATATCAACCGAAGTTGG
mkk9 017378c RP TCGTCCTTTAGCCTCCTCTTC
mkk9 017378c LP CGATGAACGATCTTAAGAGCG
mkk9 017378 for GTGGTGGCTGAGGAGGAAGAG
mkk9 017378 rev CAAACACTCACACAAGTTGC
continued on next page
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Name 5’-3’ sequence
mkk9 017378 fornew CCGATGTGGTTTTATGACGGPCR
mkk9 017378 revnew GCGTAATCAAACACTCACACPCR
mkk10 SAIL598B05 LP TAGGCAAGTCGGTATGGTGAG
mkk10 SAIL598B05 RP TGCAGATAACGTAACCCTTGG
mkk10 SAIL600G01 LP TAGGCAAGTCGGTATGGTGAG
mkk10 SAIL600G01 RP TTCTCCATAAGCTCCATCACG
mpk1 063847c RP GATCAACCACACACCTGGAAC
mpk1 063847c LP AAGATGGTGAATTGGTGATGC
mpk1 063847 for GCGACTTTGGTTGATCCTCC
mpk1 063847 rev TGAGCTCCCGAAGAGTCCTC
mpk2 047422c RP ATGTGGCAAACACTTTTCGAG
mpk2 047422c LP TGCACTCGGGTCATATAAAGG
mpk3 151594 LP ATTTTTGTCAACAATGGCCTG
mpk3 151594 RP TCTGCCTTTTCACGGAATATG
mpk5 129907 RP AAATGCTCGTGTTTGATCCAG
mpk5 129907 LP TTTGTTTTGGAAGCAACCAAG
mpk5 151066 RP CTAGACTCGCTCCATCAGGTG
mpk5 151066 LP GGTAGAGGAGCTTCGGTTTTG
mpk7 035863 RP TGGTTGATGAAGAAGCTTTGG
mpk7 035863 RPn GGAATGGAATGTTAGGGGAAG
mpk7 035863 LP TCTCCATGTGCAGTTCACTTG
mpk8 037501c RP TTCCTCCAACATCTGAGGATG
mpk8 037501c LP TGAAGATCTGTGATTTTGGGC
mpk8 129553c RP CTTCAAGATGAGCAAATTGCC
mpk8 129553 LP TCCCTACCAGGAAAATGCTTC
mpk9 N564439 RP CCAAAGTCGCAAATCTTCAAC
mpk9 N564439 LP TGGACCTCGTAGGTTTTGTTG
mpk9 064493c RP CCAAAGTCGCAAATCTTCAAC
mpk9 064439c LP TGGACCTCGTAGGTTTTGTTG
mpk10 039102 RP GGAAAAGGAAATTCACAGCAG
mpk10 039102 LP CTAAACACACACCATGCCATG
mpk10 039102 for CGATGCTGAGACATTGGAAACTC
mpk10 039102 rev CAAACGATGCCACAAGCACCTC
mpk11 GK380D04 RP GTCTAGTGTTGGGCCAATCAG
mpk11 GK380D04 GKn RP TTTTCAGTTCAGTCTAGTGTTGGG
mpk11 GK380D04 LP ACCTCAAGATTGGGGATTTTG
mpk11 049352c RP AATAAGACCACCTCAGCCAGAC
mpk11 049352 LP TGCTCGAAATCAAAATGGAAC
mpk12 074849 RP CCTAAAGAATCAAACCGAGGC
mpk12 074849 LP TTGTCTCAAGGGTTGGATCAG
mpk13 130193 RP GCAAAACAAACACATGCACAC
mpk13 130193 LP TTGTCAGGTGATGATCAGTGG
mpk14 018940 RP AACGACGAATTGACGATTCTG
mpk14 018940 LP TTTAAATCGCGATGAAGGATG
mpk14 018940 for CCTTCTTGTCTTATCCCATTTGG
mpk14 018940 rev CTTATTGTCGGGAAGCAAGCTTCG
mpk15 GK274G12 RP CATCTGGATGAAGAAGCAAGC
mpk15 GK274G12 RPn CAGATTCCATCAACTCAAAGACAA
mpk15 GK274G12 LP TGGTTTCACATATACTGTGCCC
mpk15 061141 RP TCCAGCATCCAAGAATGAAAC
mpk15 061141 LP TTCAACCTTGACCAAGTGGAG
mpk15 061141 for GAAAGTTGCATCTCTACACAATTC
mpk15 061141 rev GTTTCAACCAATGATCTACCCGG
mpk15 103382 RP TTGTCTCTGCACCAAGTGATG
mpk15 103382 LP TTCAACCTTGACCAAGTGGAG
continued on next page
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Name 5’-3’ sequence
mpk16 059737c RP CATCTCCTCTGTTGCTTTTGC
mpk16 059737c LP TGTTGTCTTTTGAACCCAAGG
mpk16 059737 for GGATTGTTTGAGGGACGTTG
mpk16 059737 rev GAATGGTACTTCTCATAATCC
mpk17 020801 RP CTTTTGCAAGGACTACGTTGC
mpk17 020801 LP TGATCAACTCCGCTGGATATC
mpk17 020801 for GAATTTATGGGTGAAAGGTAC
mpk17 020801 rev GAACTCGTGACTGATCTGCTTGG
mpk17 040xxx LP TCTTCGGTTGCGTTTCTTATC
mpk17 040xxx RP CAGAAGCAACAACTCCGTAGC
mpk18 069399c RP ACATATTTCTGATGCGCTTCG
mpk18 069399c LP TTTTGGTGTGCCAAGAAGATC
mpk18 069399 for GAATGATCCACAGAGCTCAGG
mpk18 069399 rev CCTTTATCAGATGCTTCGTGC
mpk18 069399 for new CACAGTAACACCTACCTTCG
mpk18 069399 rev new TGACTCGTGAACACCACCAG
mpk19 099462 RP CCGATAACGATTAGCATCACC
mpk19 099462 LP TTTTACTGCTATGTAAACTTGTCGG
mpk19 099462 for CTGTTCACGGACTCTGTGTAG
mpk19 099462 rev CGATAAGCATCACCATACTCAGTG
mpk20 002269 RP TTCAATTGAGTCACGATGCAG
mpk20 002269 LP ACAAACCAAACTCGACAGCTG
mpk20 002269 for CTATTGGCATCGCCATAGTC
mpk20 002269 rev GGGGCCAATGCGGCTGATCTG
GABI-Kat o8409 LB ATATTGACCATCATACTCATTGC
SAIL LB1 GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC
SAIL LB2 GCTTCCTATTATATCTTCCCAAATTACCAATACA
SAIL LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC
qPCR primer
Act2Q f GGTAACATTGTGCTCAGTGGTGG
Act2Q r GGTGCAACGACCTTAATCTTCAT
MPK11Q f GTTGTTACACGTTGGTACCGAGC
MPK11Q r CCGACAGACCAAATGTCGATAG
MPK17Q f GAATTTATGGGTGAAAGGTAC
MPK17Q r GAACTCGTGACTGATCTGCTTGG
PR-1Q f TCGGAGCTACGCAGAACAACT
PR-1Q r TCTCGCTAACCCACATGTTCA
ASK f CTTATCGGATTTCTCTATGTTTGGC
ASK r GAGCTCCTGTTTATTTAACTTGTACATACC
cutA f AGCCTTATGTCCCTTCCCTTG
cutA r GAAGAGAAATGGAAAATGGTGAG
SALK T-DNA primer
Lb0 TACCCAACTTAATCGCCTTGCAGCACATCC
LBa1 TGGTTCACGTAGTGGGCCATCG
LBa1c ACGATGGACTCCAGTCCGGCCTGGTTCACGTAGTGGGCCATCG
LBb1 GCGTGGACCGCTTGCTGCAACT
LBb1.3 ATTTTGCCGATTTCGGAAC
SALK Probe #1 f AGTCTTTACGGCGAGTTCTG
SALK Probe #1 r TTATGCTTCCGGCTCGTATG
SALK Probe #2 f TACGAGCCGGAAGCATAAAG
SALK Probe #2 r GCTACAGTCTGACGCTAAAG
SALK Probe #3 f CTCGCTCGATGCGATGTTTC
SALK Probe #3 r GATGGATTGCACGCAGGTTC
continued on next page
A. Appendix 92
pDONR207
5585 bps
attP'
ccdB
GentR
ColE1 ori
pJawohl8
9019 bps
attR1
CmR
ccdB attR2
attR2'
ccdB
ColE1 ori
LB
BastaR
35S
pAMPAT-GWPro35S
7026 bps
RB
RK2ori
AmpR
35S
attR1
cmR
ccdB
attR2
CamR
attP
CmR
attR1'
RB
AmpR ColE1 ori
LB
BastaR
MDC43
attR2‘
ccdB
CmR
attR1‘
GFP6
LB
HygR
MDC85
6xHis
GFP6
attR2'
ccdB
CmR
attR1'
LB
HygR
MDC110
6xHis
GFP6
attR2'
ccdB
CmR
ttR1'
LB
HygR
MDC164
gusA attR2'
ccdB
LB HygR
p
12460 bps 35S 
RBColE1 ori
KanR
p
12462 bps 35S
RBColE1 ori
KanR
p
11686 bps
a
RB
ColE1 ori
KanR
p
12835 bps CmR
attR1'
RB
ColE1 ori
KanR
Figure A.1. Vector maps
Maps of Gateway® entry vector pDONR207, overexpression vector pAMPAT, RNAi vector pJawohl8,
N-terminal GFP tag vector pMDC43, C-terminal driven GFP tag vector pMDC85, C-terminal GFP re-
porter vector pMDC110, and C-terminal GUS reporter vector pMDC164. Gene expression from pAM-
PAT, pJawohl8, pMDC43 and pMDC85 is under the control of cauliflower mosaic virus (CMV) 35S
promoter. GFP or GUS expression in pMDC110 and pMDC164 is under the control of the inserted
native promoter.
Abbreviations: attP, insertion site for attB flanked PCR product; attR, insertion site for entry vector
product; ColE1 ori, origin of replication for E. coli; RK2 ori, origin of replication in A. tumefaciens;
ccdB, gene encoding a toxic bacterial gyrase inhibitor; AmpR, confers ampicillin resistance, BastaR,
confers Basta resistance; CmR, confers chloramphenicol resistance, HygR, confers hygromycin resis-
tance, KanR, confers kanamycin resistance
Name 5’-3’ sequence
Vector confirmation primer
SeqL-A TCGCGTTAACGCTAGCATGGATCTC
sul2 GTCGAACCTTCAAAAGCTGAAGT
sul4 ATTTCACACAGGAAACAGCTATGA
val pMDC85 C-GFPr GGTTGGCCATGGAACAGGTAG
val pMDC85 C-GFPf TCCTTCGCAAGACCCTTCCTC
val pMDC43 N-GFPr ATCATCGCAAGACCGGCAACAG
val pMDC43 N-GFPf CACATGGCATGGATGAAC
val pMDC164 GUSf GGCGATTAAGTTGGGTAACG
val pMDC164 GUSr CCACCAACGCTGATCAATTC
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Table A.3. Genes coexpressed with MPK11
ACT database result of top 50 genes coexpressed with MPK11
AGI r-Value Annotation
AT4G34390 0.889595 extra-large guanine nucleotide binding protein
AT5G45110 0.87665 ankyrin repeat family protein / BTB/POZ domain-containing protein
AT2G46400 0.866312 WRKY family transcription factor
AT4G22980 0.858134 expressed protein
AT2G05940 0.854914 protein kinase
AT5G41740 0.852533 disease resistance protein (TIR-NBS-LRR class)
AT3G25610 0.836014 haloacid dehalogenase-like hydrolase family protein
AT3G09010 0.83482 protein kinase family protein contains protein kinase domain
AT4G12720 0.831089 MutT/nudix family protein
AT4G14365 0.82752 zinc finger (C3HC4-type RING finger) family protein / ankyrin repeat family protein
AT2G32140 0.827373 disease resistance protein (TIR class)
AT5G13190 0.821501 expressed protein
AT3G01830 0.819538 calmodulin-related protein
AT3G25780 0.816604 allene oxide cyclase
AT1G28480 0.815624 glutaredoxin family protein
AT2G27310 0.810935 F-box family protein
AT5G26030 0.809214 ferrochelatase I
AT3G50930 0.806854 AAA-type ATPase family protein
AT5G06320 0.804955 harpin-induced family protein / HIN1 family protein / harpin-responsive family
protein
AT5G52760 0.803072 heavy-metal-associated domain-containing protein
AT1G17380 0.802984 expressed protein
AT4G17615 0.802237 calcineurin B-like protein 1 (CBL1)
AT3G50260 0.800984 AP2 domain-containing transcription factor
AT1G66090 0.797045 disease resistance protein (TIR-NBS class)
AT5G61210 0.796918 SNAP25 homologous protein SNAP33 (SNAP33) (SNAP33B)
AT1G72520 0.792454 lipoxygenase
AT5G67340 0.791785 armadillo/beta-catenin repeat family protein / U-box domain-containing protein
AT2G18680 0.789101 expressed protein
AT1G20510 0.78895 4-coumarate–CoA ligase family protein
AT1G51780 0.787681 IAA-amino acid hydrolase 5 / auxin conjugate hydrolase (ILL5)
AT1G28190 0.785015 expressed protein
AT3G02840 0.78403 immediate-early fungal elicitor family protein
AT1G80840 0.783692 WRKY family transcription factor (WRKY40)
AT2G06050 0.783213 12-oxophytodienoate reductase (OPR3) / delayed dehiscence1 (DDE1)
AT2G26530 0.782992 expressed protein
AT4G35600 0.782849 protein kinase family protein contains protein kinase domain
AT3G60420 0.78132 phosphoglycerate mutase family protein
AT1G19180 0.778549 jasmonate-ZIM-domain protein (JAZ1)
AT3G44860 0.778002 S-adenosyl-L-methionine:carboxyl methyltransferase family protein
AT2G13790 0.777042 leucine-rich repeat family protein / protein kinase family protein
AT5G62570 0.775636 calmodulin-binding protein
AT1G13210 0.775252 haloacid dehalogenase-like hydrolase family protein
AT1G76040 0.775012 calcium-dependent protein kinase, putative
AT3G52400 0.774812 syntaxin, putative (SYP122)
AT3G04640 0.772122 glycine-rich protein predicted proteins
AT4G33050 0.771815 calmodulin-binding family protein
AT2G23810 0.770623 senescence-associated family protein
AT3G28340 0.770034 galactinol synthase, putative
AT1G74710 0.769564 isochorismate synthase 1 (ICS1) / isochorismate mutase
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Table A.4. Genes coexpressed with MPK17
ACT database result of top 50 genes coexpressed with MPK17
AGI r-
Value
Annotation
AT1G15350 0.865866 expressed protein
AT5G06560 0.856611 expressed protein
AT1G71410 0.838681 protein kinase family protein
AT1G34630 0.837371 expressed protein
AT1G33250 0.829368 fringe-related protein
AT4G20380 0.828708 zinc finger protein (LSD1)
AT3G59350 0.819513 serine/threonine protein kinase
AT4G35790 0.81837 phospholipase D delta
AT5G58720 0.808518 PRLI-interacting factor
AT5G11960 0.807906 expressed protein
AT1G67480 0.806277 kelch repeat-containing F-box family protein
AT1G67810 0.806067 Fe-S metabolism associated domain-containing protein
AT1G06700 0.802979 serine/threonine protein kinase
AT2G18280 0.801862 tubby-like protein 2 (TULP2)
AT5G16480 0.801602 tyrosine specific protein phosphatase family protein
AT4G31090 0.800809 expressed protein
AT4G01960 0.799595 expressed protein
AT4G32150 0.798054 synaptobrevin family protein
AT2G21540 0.797948 SEC14 cytosolic factor, putative
AT1G79670 0.796902 wall-associated kinase, putative
AT1G55600 0.796808 WRKY family transcription factor (WRKY10)
AT1G03457 0.796719 RNA-binding protein, putative
AT1G05960 0.79558 expressed protein
AT5G32440 0.794443 expressed protein
AT2G46260 0.794405 BTB/POZ domain-containing protein
AT2G46500 0.794383 phosphatidylinositol 3- and 4-kinase family protein / ubiquitin family protein
AT1G53320 0.794232 F-box family protein / tubby family protein (TULP7)
AT3G19970 0.793107 expressed protein
AT3G05990 0.792898 leucine-rich repeat family protein
AT4G30140 0.792307 GDSL-motif lipase/hydrolase family protein
AT2G32460 0.790624 myb family transcription factor (MYB101)
AT2G40620 0.789729 bZIP transcription factor family protein
AT2G38400 0.789091 alanine–glyoxylate aminotransferase, putative
AT2G42780 0.788281 expressed protein
AT1G29750 0.787405 leucine-rich repeat transmembrane protein kinase, putative
AT1G10660 0.786068 expressed protein
AT3G07560 0.785926 glycine-rich protein
AT5G64920 0.784694 COP1-interacting protein (CIP8) / zinc finger (C3HC4-type RING finger) family
protein
AT5G23670 0.784023 serine C-palmitoyltransferase (LCB2)
AT5G22000 0.783735 zinc finger (C3HC4-type RING finger) family protein
AT1G12360 0.783509 cytokinesis-related Sec1 protein (KEULE)
AT4G26400 0.783322 zinc finger (C3HC4-type RING finger) family
AT3G08970 0.782922 DNAJ heat shock N-terminal domain-containing protein
AT2G31350 0.782579 hydroxyacylglutathione hydrolase, putative
AT2G43790 0.782266 mitogen-activated protein kinase, putative / MAPK, putative (MPK6)
AT1G47270 0.781979 F-box family protein / tubby family protein
AT1G71697 0.780901 choline kinase, putative
AT5G61530 0.780095 small G protein family protein / RhoGAP family protein
AT5G56750 0.77935 Ndr family protein
AT1G05020 0.778075 epsin N-terminal homology (ENTH) domain-containing protein / clathrin assembly
protein-related
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Table A.5. Enriched GO terms of genes coexpressed with MPK11 and MPK17
Analysis of the top 50 coexpressed genes of MPK11 and MPK17 was performed with AmiGO
database [Carbon et al., 2009].
GO term p-Value % genes coexpressed
with MPK11
% total genome
response to other organism 2.89e-09 28.57 2.39
response to biotic stimulus 5.28e-09 28.57 2.50
immune system process 1.16e-08 22.45 1.26
response to stimulus 2.50e-08 57.14 15.86
defense response 4.46e-08 28.57 2.94
multi-organism process 8.23e-08 28.57 3.08
response to stress 1.34e-07 40.82 7.90
innate immune response 3.00e-06 18.37 1.18
immune response 3.31e-06 18.37 1.20
response to chemical stimulus 3.34e-06 36.73 7.49
regulation of defense response 5.90e-06 12.24 0.32
regulation of response to stress 1.59e-05 12.24 0.37
response to bacterium 2.43e-05 16.33 1.06
jasmonic acid biosynthetic process 4.22e-05 8.16 0.08
regulation of immune system process 4.27e-05 10.20 0.22
defense response to bacterium 5.90e-05 14.29 0.79
oxylipin biosynthetic process 7.88e-05 8.16 0.10
jasmonic acid metabolic process 7.88e-05 8.16 0.10
response to ozone 7.88e-05 8.16 0.10
oxylipin metabolic process 1.73e-04 8.16 0.12
death 2.28e-04 14.29 0.96
cell death 2.28e-04 14.29 0.96
plasma membrane 5.58e-04 28.57 6.21
response to organic substance 7.11e-04 24.49 4.51
response to carbohydrate stimulus 7.69e-04 12.24 0.72
response to chitin 1.13e-03 10.20 0.42
response to fungus 1.13e-03 12.24 0.77
regulation of innate immune response 1.78e-03 8.16 0.21
regulation of immune response 1.78e-03 8.16 0.21
protein binding 1.84e-03 30.61 7.92
regulation of response to stimulus 2.72e-03 12.24 0.90
negative regulation of defense response 4.99e-03 6.12 0.08
cell periphery 9.57e-03 28.57 7.93
signal transduction 9.78e-03 20.41 3.96
GO term p-Value % genes coexpressed
with MPK17
% total genome
phosphoric diester hydrolase activity 1.51e-03 8.33 0.20
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